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Foreword 


The original “Course in Industrial Instrument Technology” ran in Instrument 
Practice from February, 1951, to August, 1952. Twelve years ago there were no 
books whatever from British sources dealing with instrumentation and the courses 
in technical colleges were few and far between. Two works by British authors: 
Instrument Technology by E. B. Jones and An Introduction to Process Control System 
Design by A. J. Young, were being prepared but were not due to appear for two or 
three years. It was felt that a concise course dealing with the fundamentals of 
industrial instrumentation would at least bridge the gap until the books mentioned 
were published. More than that it was hoped the Course would stimulate interest in 
instrumentation amongst apprentices, students and the like for an industry which 
even then was developing at an extremely rapid rate. The main object was attained. 
The Course created great interest whilst running in Instrument Practice. After the 
last section had appeared, 500 sets of loose reprints were sold within a month It 
was then decided to issue the Course as a set of reprints bound in a paper cover. 
Many thousands of copies have been sold to date and there is an increasing demand 
for it. 

A revision of the Course has long been projected but has for one reason or 
another been delayed until the present time. It has seemed logical to repeat the 
original procedure and issue the revised edition as monthly chapters in Instrument 
Practice. The present volume comprises these chapters in bound form. 

In revising the material, one must remember that despite the considerable 
incursion of electronic techniques, many measuring and control functions are still 
carried out (and are likely to be carried out) by well tried non-electronic methods. 
Much, therefore, of the original Course remains, but opportunity has been taken to 
make some extensive rearrangement, particularly in the initial chapters, which 
now present some form of logical sequence. New material has been added on high 
vacuum measurement, on transducers and on feedback, whilst the chapters on 
automatic control have been largely re-written. To this must be added details of 
many electronic and nucleonic instruments where these have been applied to indus- 
trial processes. 

Expansion of British industrial activities since the completion of the original 
Course in 1952 has been phenomenal. This, in turn, has meant a colossal increase 
in the number of measuring and controlling instrument systems used in industrial 
processes and it has brought into being many new techniques to implement existing 
designs. 

ot was tempting, therefore, to expand the Course to include such subjects as 
gas-liquid chromatography, industrial viscometry, absorptiometry, automatic 
titration and many other examples of continuous process analytical instrumentation. 
But to preserve a balance, this would have meant the inclusion of many other 
techniques with the consequent destruction of the whole nature of the Course. If 
one is aiming at a text book on instrumentation then one must be complete and 
this can mean a volume of 400—500 pages of normal dimensions. There is little 
need to add to the relatively large number of existing works and, indeed, I refer 
to these as sources of further reading throughout the Course. But one cannot run 
before one can walk, neither can one apply techniques before basic principles are 
understood and here, it is hoped, the present text will find its niche. 

Hence, I would point out that the Course is intended to be a short concise 
introduction to industrial measurement and control and is not in consequence an 
exhaustive treatise on the subject. Not every instrument or system manufactured, 
therefore, is included, but the most important and widely used will be found in the 
following pages. 

It is hoped that, above all, the Course will prove of some assistance and stimula- 
tion to those in the initial stages of education and training in measurement and 
control or to those who are considering entering what is now a key industry. 


J. T. Miter 
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Chapter 1 


FLUID PRESSURE MEASUREMENT 


We are concerned with four main types of 
fluid pressure measurement: 

1. Differential pressure, that is the difference 
between two pressures. 

2. Gauge pressure, which is the pressure 
measured above the local atmospheric 
pressure. 

3. Absolute pressure which is the ¢otal pressure 
measured from zero pressure as_ the 
datum point. When its value exceeds the 
local atmospheric pressure, it can be 
regarded as the sum of the local atmo- 
spheric pressure and the gauge pressure. 

4. Vacuum, a condition in which the pressure 
is always less than that of the local atmo- 
sphere. 

It is very convenient, if not orthodox, to con- 
sider the measurement of differential pressure 
first, since many of the common methods of 
measurement of gauge pressure and absolute 
pressure are but particular cases of differential 
pressure determination. For example, if the lower 
pressure of the two is made atmospheric, several 
of the instruments now to be described become 
gauge pressure devices. Similarly, if one pressure 
becomes zero, the instruments become suitable for 
absolute pressure measurement. 


Static Pressure 


The term “static pressure” is widely used in the 
measurement of pressure, liquid level and rate 
of flow. Where the fluid in a process is still or 
“static” the meaning of the phrase is reasonably 
clear. When a fluid in motion is encountered, 
however, the meaning may not be so obvious. 
An example may assist. Consider a pipe full of a 
fluid in motion. If a hole is drilled in the wall of 
the pipe and a pressure measuring instrument 
connected to it, the pressure indicated on the 
instrument is the static pressure at the tapping 
(see Chapter 4 on Flow Measurement). 

Unless otherwise indicated, where reference is 
made to pressure in the text, static pressure is 
understood. 

In differential pressure measurement, the 
difference involved is normally between two static 
pressures, and the difference may be relatively 
small compared with either of the two static 


“Fig. 1. 


pressures. These, as well as the differential 
pressure range, will determine the type of instru- 


ment to be used. 


MEASUREMENT OF DIFFERENTIAL PRES- 
SURE OR PRESSURE DIFFERENCE 
Simple U-Tube Manometer 

One of the most popular devices for measuring 
differential pressure is the U-tube manometer. 

A column of liquid exerts a pressure propor- 
tional to its height, and is equal to hp per unit 
area, h being the height and p the density of the 
liquid in appropriate units. Upon this fact is 
based the operation of the simple U-tube and its 
more advanced developments. Fig. 1 shows an 
elementary form, consisting of a glass tube bent 
into the shape of a U and partly filled with liquid 


The principle of a simple U-tube mano- 
meter 


A scale is fixed between the limbs. It is a 
differential instrument in that it responds to a 
difference in the pressures exerted on the liquid in 
limbs A and B. The pressures should be 
regarded as absolute ones. If the higher pressure 
f, is applied to A and the lower pressure #, to B, 
the liquid in A will be forced down, that in B will 
rise, and the action will continue until pressure A, 
is balanced by the sum of pressure #, and that due 
to the column of liquid 4 between the two levels. 


Then pf, = Pp thp wee wee e ee eee (x) 
as a) (2) 
fie pas al ee (3) 


p being the density of the liquid in the tube. The 
height h is therefore a measure of (p, — p,) the 
pressure differential. 
Assigning some figures to equation (3), 
if Pp, = 8 lb./sq. in. absolute 
Pp: = 6 lb./sq. in. absolute 
p = 0°03604 Ib./c. in. at 60°F. using 
water as the liquid 
Pi — Pe = 8 — 6 = 2 Ib./sq. in. 


2 ; 
a'0sbo4 55°4 In. of water. 
{t can be seen that for comparatively small differ- 
entials the size of instrument will be cumbersome 
if water is used as a liquid. For higher differen- 
tials, up to say 20 Ib./sq. in.,mercury is substituted 
for water. 

If p for mercury at 60°F. is 0-488 lb./c. in. 

for p,—pe = 20 lb./sq. in. 
20 
0-488 
Oils of various densities are used as alternative 
liquids to water for small differentials. 

It will be noted that the densities given above 
are specified at 60°F. This is because the density 
of a liquid varies with temperature, and equa- 
tion (3) shows that this can cause a variation 
in A for the same differential pressure. If large 
temperature changes occur, it may be necessary 
to correct all readings taken to a common basic 
temperature, e.g. 60°F. 

Most U-tubes have scales starting at o for zero 
level and repeat the graduation numbers above 
and below. Each division is then half its normal 
value. A scale calibrated in inches would be 
numbered I, 2, 3 at every } inch above and below 
the zero line, as in Fig. 1. It may be found that 
both limbs are not exactly the same as regards 
their bores. It is customary, therefore, to read 
each level and to take the average of the two 
readings, if these are not the same, for accurate 
work. 


= 41-0 in. of mercury. 


Range of Simple U-Tube 


The simple U-tube is normally used between 
o-4 in. water and 0-48 in. mercury (0-23°5 lb./sq. in. 
approx.) differential pressures. 


High Pressure Industrial U-Tube 
Manometer 

The next development in U-tube devices is in- 
dicated in Fig. 2. Here, one tube has become very 
much increased in diameter compared with the 
other. 

It is still essentially a U-tube but the difference 
in diameters of the limbs brings about a modifica- 
tion of the basic equation. A differential pressure 
is applied between the limbs, the lower #, to the 
wide limb B, and the higher /, to the narrow limb 
A. The liquid falls in A and rises in B until the 
following pressure balance is realized: 

Pi=prt(ht+dp ....... (4) 
where A is the height the liquid in the narrow limb 
A has fallen from zero, and d is the distance the 
liquid in the wide limb B has risen from zero, 
and p is the liquid density. 

Now, a volume of liquid has left the narrow limb, 
causing the level to fall, and has entered the wide 


ZERO LEVEL 


Fig. 2. 


The principle of a U-tube manometer, one 
limb wider than the other 


limb, producing a rise of liquid there. The former 
is A,h where A, is the area of the narrow limb, and 
the same volume in the wide limb is A,d where 
A, is the area of the wide limb. 

Then A,d = A,h 


1, 
Hence h= re se. ds te ae oe, Wee, des (6) 
Substituting in equation (4) for A, 
Pr = pe + ap (1 +2) hee eZ) 
2 

p — ty = dp (x + 3) Sy eee (8) 
- cs py ts vam iiuia ie det (9) 

+4 

p A, 


The distance d that the liquid rises in the wide 
tube is, therefore, a measure of the differential 
pressure (pf, — f.). 

To illustrate the working of equation (g) let us 
assign some figures to the factors. 

Let p, = 8 Ib./sq. in. absolute 
p, = 6 Ib./sq. in. absolute 
p = 0-488 Ib./c. in. 


d, = 6in. d,* = 36 sq. in. 

d, = 3in a, = 9 sq. in. 
w X 36 

A 

2 9 

4 
Hence d= 

0-488 X (1-+-4) 

d = 0°82 in. 


Consider next that a pressure differential of 
4 lb./sq. in. is to be measured, and that d is to be the 
same. To achieve this the only variables which 
can be adjusted are the density p and the diameter 
of the narrow tube. It is much more suitable to 
alter the latter, and substituting in equation (9) 


a 

0-488 (: += a 

Solving this equation, it wil be found that 
d, = 2 in. approx. 


0°82 = 


Fig. 3. The basic construction of an industrial high 
pressure U-tube manometer with float operated 
mechanism 


The practical application of this is seen by 
referring to Fig. 3. It is a diagrammatic repre- 
sentation of a basic design used by many firms. 
It consists of two limbs comprising steel chambers 
with appropriate inlets for the applied pressures. 
One chamber is short and wide, corresponding to 
B in Fig. 2, and the other is taller and narrow, 
corresponding to A in Fig. 2. They are inter- 
connected by steel tubing or castings so that the 
whole assembly may be robust and suitable for 
working at high pressures. With reference to 
the latter, although the differential p, — p, may 
be low, e.g. 2 lb./sq. in. or 4 lb./sq. in., the values 
of p, and #, may be very high: 1,000 lb./sq. in., 
1,500 lb./sq. in., 5,000 lb./sq. in., etc. For example, 
p, may be 1,000 Ib./sq. in., the differential 4 1b./ 
sq. in., giving f, as 996 lb./sq. in. All parts of an 
instrument in contact with such pressures must be 
robustly built and capable of standing such values 
continuously without breakdown. 

On the surface of the liquid in the wide chamber 
is a metal float connected by the arm C to a shaft 
D. The action of the float F in riding up and down 
on the surface of the liquid, as the level varies in 
response to changing differentials, rotates arm C 
and the shaft D. The latter is taken outside the 
chamber by a pressure-tight seal, and serves to 
operate a pen or pointer P by a linking mechanism. 

If the instrument is so designed that the narrow 
tube, frequently termed the “range tube’, may 
be changed for one of different diameter a means 
of altering the instrument range is obtained. 


Cistern Manometer 


It would make no difference to the working of 
the instrument if the narrow tube were inserted 
directly in the wide limb, or cistern as we shall 
now callit. Fig. 4 illustrates this. The advantage 
is that a very narrow column can be inserted in 
the cistern and a reasonably long single scale 
erected for measuring the rise in this column. 


If a differential pressure , — , is applied to 
the cistern and column, A, is the area of the 
cistern, A, the area of the narrow tube, and / the 
rise of liquid from zero level in this tube, then 


(p1 — Po) = h (: ar 2 )p 


If the value of 4s can be made so small that it may 
1 
be neglected (equivalent to increasing the cistern 
diameter to such a value that the drop in level d 
from the zero level in the cistern is negligible), 
then 
ate LRG be wr (x1) 


Pi — be = ph 
When the ratio 7 is not negligible, the scale 

1 
may be calibrated in “contracted inches’, that is, 


normal inches multiplied by the os on 
A, + A, 
0-12 ins. water to 0-48 ins. mercury would be 
typical extreme ranges. 


Inclined Tube Manometer 


A special development of the U-tube is the 
inclined tube manometer. It gives an increased 
length of scale compared with the simple U-tube for 
the same differential pressure. As its name implies, 
one limb consists of a glass tube inclined at an 
angle to the vertical or horizontal, and the other 
of a wide chamber or cistern. The sloping tube 
carries a scale adjacent to it, and the purpose of 
the inclination is to achieve a longer scale than 
the normal U-tube for the same differentials. 


Fig. 4. The principle of a cistern type manometer 


Fig. 5. The principle of an inclined tube manometer 


Fig. 5 indicates the essentials and without much 
trouble the value of the differential pressure 
(Pp, — ~,) can be derived as: : 


bs — tr = pd (3? + sin a) see (12) 


where p = the density of the liquid 
A, = cistern area 
A, = tube area 
a = angle of slope of tube from horizontal 
d = distance the liquid in the sloping tube 
has moved from zero. 
Rewrite equation (12) as: 


d= Pi — pe 


= Ay 
(2 + sin «) 


and assign values as follows: 
pi — pe = 2 in. water 
p= 0:036 lb./c. in. (water) 


eee es (13) 


a) : I 
a = 30° giving sin « =o 


—= on (diameter of cistern 4 in. 


and diameter of tube } in.)- 

Then @ = 4 in. approx. 
On an ordinary U-tube, as in Fig. 1, the reading 
would have been 2 in., so that we have obtained 
a scale length of about double the value by using 
the inclined tube version. 

A few inches of water is the normal range 
(0-0'5 to 0-12). 


Fig. 6. The principle of a two liquid U-tube mano- 
meter | 


Two Liquid U-Tube Manometer 


A variation of the normal design of U-tube is 
shown in Fig. 6. This contains two liquids, a 
lighter one situated above a heavier. At the top 
of each limb is a cistern, both being of the same 
area. If the pressure applied to one limb is #,, 
and the other #5, 


A, 
pi — b2 =h (pz — p;) + 7 Apr... (14) 
‘where ; 
P2 = the density of the heavier liquid. 
p, = the density of the lighter liquid. 
h = the difference in levels of the two limbs. 
A, = the area of the tube. 
A, = the area of the cistern. 

By suitably choosing the two liquids, and the 
proportions of the tube and cisterns, the value of 
h may be made large for a comparatively small 
value of (pb; — 2). This is brought out in the 
equation where the first factor is the most 
important. The smaller (p, — p,) becomes, the 
larger the value of A for the same differential 
pressure. 


Diaphragm, Diaphragm Stack, or Bellows 
Pattern Differential Pressure Gauge 
For many reasons, in industrial applications, 
the liquid manometer pattern of pressure 
measuring instrument is not suitable, and an 
alternative must be sought. One of these is the 
instrument which incorporates a diaphragm, 

capsule or bellows as its measuring device. 
The simplest in conception is the single dia- 
phragm instrument. 


ses fea. 


Fig. 7. Illustrating the deflection & of a_ single 
diaphragm under the action of a differential pressure 
(pi—ps). py 18 the higher pressure 


Single Diaphragms 

In its elementary form, a diaphragm is a thin 
flat plate of circular shape, fixed firmly round its 
edge. On applying a pressure to one side greater 
than that existing on the other, the diaphragm 
deflects in a direction away from the higher 
pressure, the movement being greatest at the 
centre (Fig. 7). At first sight, it would seem that by 
linking up the diaphragm centre with a pointer or 
pen a means of measurement is obtainable. Such 
a simple arrangement possesses limitations, par- 
ticularly if the material is metal. The deflection 
is related to the radius of the diaphragm, its thick- 
ness, the modulus of elasticity of the material, and 
other physical factors. Only for relatively small 
movements is there a linear connection between 
pressure and deflection. When the latter ap- 
proaches half the diaphragm thickness, divergence 
is noticeable, and above this value there can be 
considerable departure from a straight line 
relationship. Some modification of this simple 
case is desirable for practical instrumentation. 


For very low pressures a diaphragm is required 
that is extremely flexible. A variety of materials 
have been tried such as colon leather, gold beater 
skin, nylon, rubberized fabric, and each manu- 
facturer has his particular material. A means of 
connecting linkage to the diaphragm has to be 
introduced when using such fabrics, and it is cus- 
tomary to make the diaphragm assembly in the 
form of a ring of fabric with a disc of metal or other 
rigid material at the centre. Note that it is un- 
necessary for the diaphragm assembly to be circu- 
lar. Quite often it is elongated. Fig. 8 indicates 
the principle. Gauges on these lines can be used 
up to 40 in. water, or just above 1-4 Ib./sq. in. 


aoe) ome — P 


Fig. 8. The principle of a fabric or “‘slack’’ dia- 
phragm differential pressure gauge. D is the fabric 
and C the solid centre piece. To link C to pointer or 
pen P requires a sealing diaphragm in the wall of 
the chamber, magnetic coupling or similar devices 


Observe, in passing, that a problem exists in 
connecting a linkage system from the diaphragm 
C to pen or pointer P. This is solved, very often, 
by a flexible seal fitted in the wall of the instrument 
and used as a kind of pivot or displacement device. 
Solutions can be effectively made by devices of the 

type shown in Fig. 9b or by the construction of 
Fig. 13. 

Fig.ga shows the actual assembly of an industrial 
flexible diaphragm gauge manufactured by Bailey 
Meters & Controls Ltd. 

As far back as 1844 Vidie first conceived the idea 
of introducing cormeations into circular metal 
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I'tg. 9b. Illustrating the method of coupling a 
pointer mechanism to a diaphragm, similar to Fig. 
ga, by magnetic means. Reproduced by permission 
of Batley Meters & Controls Lid. 


diaphragms with the object of making them more 
flexible, so that they would give a bigger deflection 
than a plain diaphragm for the same applied pres- 
sure. It was found that the deflection bore a 
linear relation to thé pressure provided the move- 
ment was not excessive. It will be apparent 
from Fig. 10 that several factors are involved. 


— 


Fig. 10. Section through a corrugated diaphragm 
These include the number of corrugations, the 
depth of each corrugation, the thickness of the 
diaphragm material, the radius of the diaphragm, 
the radius of each corrugation from the centre, 
the “set”, and the physical properties of the 
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The basic construction of an industrial fabric or ‘‘slack’’ diaphragm pressure gauge. Repro- 


duced by permission of Bailey Meters & Controls Ltd. (This figure should be associated with 9b) 


material. The number of variables is so large as 
to render a general comprehensive mathematical 
formula covering the performance a matter of 
extreme difficulty. 

The corrugated type of diaphragm is useful in 
itself but finds a wider application when it is 
assembled in stacks. 


Diaphragm Stacks 


For this purpose, diaphragms are pressed or 
punched out with a central hole. A number of 
these are taken, and soldered, welded or otherwise 
joined together in a leak-proof manner at the 
inner and outer edges. The whole assembly then 
forms a kind of metal concertina. If the interior 
and exterior are sealed off from one another 
(Fig. 11 shows this done in a simple manner) and 
a pressure difference is applied between inside and 
outside, a deflection of the stack is obtained. 
The value is many times that of a single diaphragm 
and is suitable to be used as the basis of a pressure 


gauge. 


Fig. 11. Illustrating 
the deflection 8 of a dta- 
phragm stack under the 
action of a atfferential 
pressure. p, ts the higher 
value 


The number of diaphragms so used varies. It 
may be two, when the stack is known as a ‘“‘cap- 
sule’”’, or it may reach twenty or so. 


Bellows 


An alternative flexible device of somewhat more 
modern origin is the metallic bellows. Again it 
has general concertina shape, but its formation 
is totally different from the diaphragm stack. 
Initially, a thin walled tube is taken and formed 
(mainly by special hydraulic presses) into the 
corrugated shape shown in Fig. 12. To dis- 
tinguish, it is better to call these convolutions. 
As in the previous case, sealing off interior and 
exterior and applying a pressure difference causes 
a deflection of the bellows of a sufficient value to 
be used in pressure measuring instruments. 

Certain general rules have been laid down for the 
performance of metallic bellows. These are that 
the flexibility, defined as the movement in inches 
for each pound per square inch increase in applied 
pressure, is: 

(a) directly proportional to the number of con- 

volutions, 

(6) directly proportional to the square of the 

outside diameter of the bellows, 

(c) inversely proportional to the cube of the 

wall thickness, 

(d@) inversely proportional to the Young’s 

Modulus of the bellows material. 
Subject to the above conditions, bellows can be 
produced to quite large diameters, e.g. 12 in. The 
larger sizes, however, are not strictly speaking for 
inclusion in instruments, but are used on control 
valves and for special purposes. 


10 


Fig. 12. Illustrating the 
deflection 8 of a bellows 
unit under the action of a 
differential pressure. py, 1s 
the higher value 
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Fig. 13. Illustrating the basic 
design of an industrial bellows 
differential pressure gauge. HP 
is the higher pressure, LP the 
lower. Reproduced by permission 
of Taylor Controls Lid. 


Fig. 13 shows a bellows assembly used for 
differential pressure measurement. Note the 
double bellows arrangement to the left of the 
figure which solves effectively the pen or pointer 
linkage problem. The right-hand bellows acts as a 
seal for the range adjusting spring. 


Rating 

Bellows and stack assemblies have often been 
compared with a spring in that they are continu- 
ously extensible or compressible by applied force 
or pressure. Both, therefore, possess a rate, i.e. 
the force or pressure necessary to produce I in. of 
movement. The analogy with a spring is only a 
rough one, however, and should not be applied 
indiscriminately. 


Materials 
Diaphragm Materials 

In this country, steel (of special composition), 
phosphor bronze, nickel silver and beryllium 
copper have been used. 


Bellows Materials 


Bellows materials have largely consisted of 
80-20 brass (80 per cent copper and 20 per cent 
zinc), phosphor bronze, stainless steel and 
beryllium copper. 


Ranges 

The ranges of stack and bellows instruments can 
typically be between a few inches of water and two 
or three hundred Ib/sq. in. 


“Ring” Balance 


The ring balance consists of a hollow or annular 
circular ring divided internally into two 
sections by a partition C in Fig. 14. On either side 
of the partition are flexible connections to the two 
pressure sources. The ring is pivoted at its centre 
on aknife-edge or has other convenient form of 
pivot, and when a pressure difference is applied 
to the partition a rotating moment is set up. The 
ring commences to rotate on its knife-edge in a 
direction away from the higher pressure. The 
action continues until the opposing moment, 
created by counter weight M at the foot of the 
ring, balances the rotating moment. The liquid 
in the ring acts as a seal. 


Fig. 14. The principle of a ring-balance manometer 
The rotating moment = (f, — p,‘A7, . . (15) 
where ~, — p, = the differential pressure 
A = the tube cross-section area 
rv, = the mean radius of the ring. 


The restoring moment = 7,M sin 0 . (16) 
where M = the weight 
v2 = the radius of its application 
@ = the angle of rotation. 
Equating, 
(pi — p)AnN = 1M sind ......... (17) 
eS pe —" — SIN. 8s he Set (18) 


1 
Thus the angle of rotation is a measure of the 
differential pressure, and a pointer attached to the 
ring may be used with a circular scale for measure- 
ment purposes. It will be noticed that there is no 
density factor involved in the equation so that 
the instrument cannot be affected by any tempera- 
ture variations in the liquid density. 
Ranges would vary typically between o-1 in. 
and 0-12 in. water. 


MEASUREMENT OF GAUGE PRESSURE 
Bourdon Tube Pattern Instrument 


This is one of the oldest pressure instruments, 
the tube having been patented by Bourdon in 
1851. It has remained practically unchanged to 
this day and is one of the most common mechan- 
isms in use. 

It consists of a metal tube of approximately 
elliptical cross-section. The word approximately is 
used advisedly, since the normal method of manu- 
facturing the bourdon is to take an ordinary tube 
of circular cross-section and flatten it by passing 
it through rollers. Having obtained the flattened 
tube, appropriate lengths are taken and are 
formed by special machines into a C shape as in 
Fig. 15, a long spiral (helical) form as in Fig. 16, or 
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Fig. 15. A C-type Bourdon tube with quadrant and 
pinion unit between the free end of tube and the 
pointer 


tube 


Fig. 17. Flat spiral Bourdon 
tube 
Reproduced by permission of Bailey Meters & Controls Ltd. 


a flat spiral as in Fig. 17. In each case, one end of 
the tube so formed is closed and sealed, but left free 
tu move. The opposite end is left open, but is 
mechanically fixed so that it is rigid. If now a 
pressure is applied to the inside of a tube greater 
than that existing outside, the elliptical or flat 
section changes its shape. Stresses are set up in 
the tube, and it begins to straighten out, with the 
result that the free end deflects, moving in an arc 
from its previous position. The amount of this 
deflection is proportional to the pressure difference 
between inside and outside. The latter is atmo- 
spheric for gauge pressure measurement. 

It is unfortunate that, simple as the bourdon 
tube appears, the factors governing its operation 
are complex. Several papers have been written 
on the subject, some highly mathematical, but the 
chief stumbling blocks to any theoretical reasoning 
are the facts that the cross-section of the tube, 
when rolled flat, does not present any definite 
mathematical shape, i.e. it is not truly elliptical or 
rectangular, for instance, and the radius of the 
bend or turns alters during deflection. Apart 
from the dependence on the pressure difference 
existing between the outside and inside of the tube, 


it is known that the deflection of the free end of 
the tube depends on the radius of the bend, the 
total tube length, the wall thickness of the tube, 
the major and minor axes (particularly the latter) 
of the cross-section, and the material of the 
bourdon tube. From data involving these factors 
in the possession of the manufacturers, it is possible 
to design any new tube required. 

The usable part of the movement due toa C 
shape bourdon is never large, i.e. it may be of the 
order of } in. or } in. length of arc. With this 
pattern, therefore, it is necessary to introduce 
some form of multiplying mechanism between the 
tube and the pen or indicating pointer that it 
operates. Two of the most common mechanisms 
are the magnifying linkage, and the sector or 
quadrant and pinion movement. 


Fig. 18. 


A simple diagram illustrating the effect 
of a magnifying linkage 


Fig. 18 shows, in a simple manner, the effect 
of a magnifying linkage on a pen arm. The 
arm is pivoted at A, the pen being at B. At end 
C, the pen arm is linked to the bourdon tube. 
Any deflection of the latter is magnified at B by 


. 6 
the ratio-. To take some practical figures, if the 


a 
bourdon deflection over the instrument range is 
3 in., bis 6 in., ais 3 in., the movement of B will be 


6 
3X ¢=4in. 


8 

The angle the pen arm traces out in moving from 
one extreme of the chart to the other is about 38°. 
Whereas this angle is suitable for recording instru- 
ment pens, for indicating instruments of the circular 
scale type, the angle the pointer moves through 
can be as much as 300°. It is clear that ordinary 
linkage will become involved to produce this large 
angular movement and it is customary in such a 
case to use a sector gear and pinion movement as 
shown in Fig. 15. It should be noted that apart 
from the magnifying action of the gear and pinion, 
the sector itself, by virtue of its pivot position, 
can also magnify. 

The C type bourdon possesses, as we have seen, 
limitations as to the amount of useful deflection 
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it can produce, and these become pronounced at 
the lower pressure ranges, e.g. 0—5 Ib./sq. in. Either 
the magnifying value would have to be so large as to 
produce errors, or the tube would have to be of 
such a thin wall that it would be unstable. If, 
however, .a number of C bourdons could be so 
arranged that their individual deflections added 
up, larger deflections could be obtained. Practi- 
cally, this is achieved by the spiral bourdons, either 
helical or flat, as indicated in Figs. 16 and 17 
respectively. In such tubes, each turn may be 
roughly regarded as a C bourdon, with the move- 
ment due to each turn adding until the free end of 
the last turn has a deflection equal to the sum of 
these. 

With these two types not only can we produce 
stable tubes at the lower pressures but we can 
very often dispense with the pen magnifying 
mechanism at different ranges. 


Ranges of Pressures Measurable by 
Bourdon Tubes 


Bourdon tubes are normally available for 
measuring up to 80 000 |b./sq. in., although higher 
ranges are occasionally used. 

The lower range limit varies with different 
manufacturers, but 0-5 lb./sq. in. would seem to be 
a limiting working value. 

No hard and fast rules can be laid down as to 
which type shall be used for various pressures, but 
past experience has shown that the helical bourdon 
is suitable from a range of 0-5 Ib./sq. in. up to 
o-80 000 lb./sq. in. The C type has been used up to 
10 000 Jb./sq. in. The flat spiral has been used for 
all the lower ranges, but not much above 0-100 
Ib./sq. in. 


Materials for Pressure Bourdon Tubes 


In this country, the most common materials are 
phosphor bronze or similar bronze alloys, steel, and 
beryllium copper. The use of a particular material 
may be governed by other factors than pressure 
values, e.g. ccrrosion, and there is no real fixed 
point at which to change over from one material 
to another. The higher pressures, however, 
demand‘a metal with a high elastic limit, which 
rules out phosphor bronze with a value of 15 tons 
per sq. in. Above, say, 2000 lb./sq. in., there- 
fore, a tough steel or beryllium copper is used. 
The latter alloy is being. extensively used for the 
lower pressure ranges as well. 

A low carbon molybdenum austenitic stainless 
steel is finding favour for ‘bourdon tubes of all 
ranges and is suitable for the high pressure pattern 
of 80000 lIb./sq. in. The reader should consult 
“The Bourdon Pressure Gauge” by C. F. Buden- 
berg for an excellent appraisal of bourdon tube 
practice. (Trans. Soc. Inst. Tech. Vol. 8, No. 2, 


June, 1956, page 75). 


Diaphragm Stacks and Bellows 
Both single diaphragm, diaphragm stacks and 


‘bellows may be used for gauge pressure measure- 


ment. The basic arrangements are those of Figs. 11 
and 12. Here p, becomes (fg + pa) where pg is the 
gauge pressure to be measured and fa the atmo- 
spheric pressure. p. is now pa, the atmospheric 


pressure. The deflection is proportional to the 
pressure difference (pg + $a) — pa, 1.e. proportional 
to pg, the gauge pressure. 


TO POINTER 


Fig. 19. Illustrating the bastc 

design of an industrial gauge 

pressure instrument. Reproduced 

by poe of Taylor Controls 
td. 


U-Tube Manometer 


For gauge pressure measurement, one limb, for 
example the right-hand one B of Fig. 1, is open to 
the atmosphere and /, becomes the atmospheric 
pressure pa. ,, again, can be considered as the 
sum of the gauge pressure fg and the atmospheric 


pressure Pa. 
Then, 
pi — be 
h = ——_ cases (20) 
(from equation (3)) 
But now, f2= fa 
_ and p, = pg + pa 
Substituting in (20) 
be t+ pa— pa 
== ————— gasses (21) 
p 
Pe 
h=— = —— an eweecces (22) 


So that & is now a measure of the gauge pressure 


g 
The same general conditions hold as for the 
measurement of differential pressure. 


ABSOLUTE PRESSURE MEASUREMENT 
Liquid Column Instruments 
Consider the cistern pattern of Fig. 4, but with 
the tube now closed instead of open. As before, 
let the pressure acting on the column be #, absolute 
and on the cistern p, absolute. The basic equation 
still holds: 

A; 
p1 — bs = ph (x +) 

1 


oe54ee? 


Fig. 20. An 
absolute pressure 
measuring tnstru- 
ment of the sealed 
column type 
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_ Now suppose that a perfect vacuum is produced 
in the space above the liquid, p, is now zero, as in 
Fig. 20, equation (23) becomes 


A 
=h(r +4) 
Pi A, P 


The height / is now a measure of the absolute 
pressure yj. 

A special case is the barometer, where , becomes. ~ 
pa, the atmospheric pressure. Similar instruments 
are used, however, as testing devices for altimeters 
and other aircraft instruments. 


eos ee # @ 


Diaphragm Stacks or Bellows Instruments 


It can be seen by referring to Fig. 21, if the 
pressure in A becomes zero, then the bellows or 
diaphragm stack unit becomes a possible absolute 
pressure device. In Fig. 21, by suitable matching, 
the effects on the two bellows due to atmospheric 
pressure and ambient temperature are equal over 
a reasonable range, and being in opposition are 
without influence on the instrument pen or 


pointer. Foxboro-Yoxall Ltd. who use this 
aP 
: Fig. 21. The evacuated 
’ bellows type of absolute 
: :) pressure measuring t- 
strument 


pattern of bellows unit evacuate bellows A down 


2 
to 
I0 000 


in. of mercury absolute pressure. This 


is equivalent to =. mm. of mercury or 5 microns. 


A micron is a part of a millimetre of mer- 


I 000 
cury. This value is so low as to be insignificant 
for the ranges over which this unit is used and the 
vacuum bellows can be said to possess zero absolute 
pressure. With the external atmospheric effects 
balanced out, and negligible pressure in one 
bellows, the deflection of the pen or pointer must 
be proportional to the total pressure in the other, 
i.e. to the absolute pressure applied to this bellows. 


TO POINTER 

Fig. 22. An alternative design 
of evacuated bellows absolute 
pressure gauge. Reproduced by 
permission of Taylor Controls 
Lid. 


P 


Stack and bellows absolute gauges range from 
a few inches of water to about 80 Ib./sq. in. 


STATIC HEAD CORRECTIONS 


Consider first a pressure instrument with a single 
connection from the tapping point. The instrument 
can be situated above or below the tapping point. 
A head of fluid exists, as indicated in Fig. 23, 
which exerts a pressure equal to hp, where h is the 
vertical head and p the density of the fluid. When 


Fig. 23. Illustrating the effect of static head on 
single connection pressure instruments 


the instrument is below the point of measurement, 
the pressure must be subtracted from the instru- 
ment reading, and when above the point of 
measurement, it must be added to the reading. 

The trouble is only likely to be pronounced with 
fluids of comparatively large density, i.e. liquids. 
For example, a connecting pipe containing water 
exerts a pressure of 1 lb./sq. in. for each 2 ft. 3 in. 

approximately of its vertical height. Suppose an 

instrument is 4 ft. 6 in. above or below the point of 
measurement, then the error is 2 lb./sq. in. For an 
instrument measuring 5 000 Ib./sq. in. the error is 
0:04%. At 500 lb./sq. in. it is 0-4% and at 50 lb./ 
sq. in. 4%. On low ranges, therefore, the error 
may be significant. 

If the amount of correction is large, say 10% of 
the range, the maker should be advised when the 
gauge is ordered. Otherwise, it is usually practic- 
able to reset the pointer to allow for the error. 

In the case of differential pressures, the effect 
depends on the nature of the measuring instrument. 
For a “dry” type instrument using metallic 
bellows or diaphragms, with the two heads the 
same vertical height, the static pressure error due 
to the heads is neutralised. With a liquid mano- 
meter, however, an indirect correction is involved. 

Let Fig. 24 be a simple U-tube installation. 
Each of the connecting tubes is filled with fluid. 

If p, and #, are the two pressures, 

pi + Hyp, = pe + Hop, + hmpe (25) 
Rearranging and remembering that H, — H, = /’n, 

Pi — be = hm (P2 — Pr) (26) 
(p, — pe) may be replaced by h,p, or hW where h, 
is the equivalent head of the fluid, density p,, and 
h is the equivalent head of water, density W. 
So that: 


hn = 


hy-Py 
(P2 — Pi) 
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Fig. 24. Illustrating the effect of static head on 
U-tube type instruments 


or 
hW 


(28) 


™m 

a (P2 — Py) 
The significance of (26), (27) or (28) is that the 
equivalent pressure of the instrument liquid 
column is given by hm(p, — p,) and not by Amp» 
In other words, the density has a reduced value 
equal to the difference between metered fluid and 

instrument liquid densities. 

Similarly, equation (9) becomes: 


d— pr —he ‘ 


; - (29) 
(x — p(x + 4) 
; 2 

giving a modified value of d, the rise of the float. 
If mercury is the instrument liquid, the value of 
P, for gases and vapours may be so small as to be 
neglected. For liquids, the values of p, are greater 
in comparison and must be taken into account. 

Example: 
Density p, of mercury at 60°F. = 0-488 Ib./c. in. 
Density p, of water at 60°F. = 0-036 Ib./c. in. 
Hence (p, — p,) = 0:488 — 0-036 = 0-452. 
Thus the error in using 0-488 instead of 0-452 
would be of the order of 7 per cent. 

This subject will be found discussed with relation 
to particular applications in later Chapters(3 and 4). 


. Questions 
1. Define vacuum, gauge pressure, and absolute pressure. 
If I have a gauge pressure indicator giving a reading of 
25lb./sq. im. and use the normal atmospheric pressure of 
14°7/b./sq. in. instead of the actual value of 14°6lb./sq. in. to 
calculate the absolute pressure, what is the percentage error? 
(Ans. 0-25% or 3% approx.) 
2. Inthe meter shown in Fig. 3, the float chamber is Gin. in 
diameter, the range tube 3in., differential pressure 2lb./sq.in., 
float travel o-82in., and liquid density 0°488lb./c. in. It is 
desived to increase the vange to 4lb./sq. in., but only a 2hin. 
diameter vange tube is available, what is the new value of 
float travel? (Ans. 1°21in.) 
3. Using the equation (14), find the value of h for p, — p2= 
o*1lb./sq. in. if A, = 4sq. in., Ag = tysq. in., Py = 0°030 
and P, = 0°036lb./c. in. (Ans. 15-5in. approx. 16-6in. 
if second factor is neglected) 


Chapter 2 


HIGH VACUUM MEASUREMENT 


Introduction 

Some of the instruments described in Chapter 1 
can be used for the measurement of vacuum 
conditions, particularly those in the section 
devoted to Absolute Pressure Measurement. How 
far these suit the particular requirements depends 
on how low a degree of vacuum one wishes to 
measure and the sensitivity desired. 

For example, Bourdon tube instruments are 
marketed. to measure from 760 to 20 mm. mercury 
to take a typical range, and sensitive diaphragm 
instruments can extend the range down to I mm 
mercury. The latter value should also be regarded 
as the limit of the U-tube manometer when used 
for vacuum measurement. 

For the purposes of this chapter, however, the 
degree of vacuum with which we shall be con- 
cerned will be below x mm. mercury absolute 
pressure. 

There are three arbitrary regions in which we 
are interested: 


Medium high vacuum 
High vacuum 
Ultra high vacuum 


I to 10°mm. mercury 

to to Io-7mm. mercury 
Io? mm. mercury and 
lower absolute pressures. 


The term Torr is given to the unit 1 mm. of 
mercury. 

It will be realised that the absolute pressure 
ranges specified above are vastly lower than any 
discussed in the previous chapter and require, 
therefore, very different techniques for measuring 
purposes. The following are descriptions of the 
instruments commonly used. 


Mcleod Gauge 


It is debatable whether the Mcleod gauge is 
really an industrial instrument in so far as plant 
operation is concerned, but models are manu- 
factured for mounting on instrument panels and 
the instrument does serve as a calibration device 
for the other equipment described here. It is 
included for the sake of completeness. 

The elements of the Mcleod gauge are shown in 
Fig. 25. It consists of the limb A sealed at the 
top, and the double limbs B and C. A and B are 
made the same diameter, and are virtually capil- 
lary tubes. C is wider in bore and helps to decrease 
errors due to capillarity. C and B are always 
connected to the systeni whose pressure is to be 
measured. 


15 


To Vacuum System 


[Air 
C 


<-—Vocuum 


Fig. 25. The basic features of a Mcleod gauge 


The principle of operation is simple. Mercury 
is initially at some level D below the bulb in the 
sealed limb. All three limbs are at this stage 
connected to the pressure to be measured. The 
mercury level is then raised so that it cuts off the 
gas in V and A, and,compresses it. In actual use 
the mercury in B is brought to the same level as 
the top of the capillary in A which is then the 
zero of the scale. The gas in the limb A is com- 
pressed to a volume which depends on Boyle’s law. 

If V is the volume of the bulb and limb A above 
level W, p the pressure of the gas in the system 
connected to the limbs B and C, v the volume of 
gas in the sealed limb after compression, and #, 
the pressure of the gas in this limb after compres- 


sion, 
pV = p;» (p and , in mm. Hg) . (30) 
But v=ah. 
where a = the cross-sectional area of the 
limb A. 
h = the difference in levels between 
A and B. 
Also, viewing the arrangement as a U-tube, 
h = p 17 p eo «© © © © © © 8 (32) 
Substituting and rearranging, 
a h? 
p= Voah cf (33) 


To measure a low pressure, the value of V must 
V 
be large compared with the value of a. The ratio = 


is termed the compression ratio. Actually, there 
are practical limits to its value. If a becomes too 
small, the mercury tends to stick in the capillary 
tube. If V is made large, an excessive weight of 
mercury may be involved, with consequent 
dangers to the apparatus. A typical industrial 
model has V equal to 400 cc and a equal to 0-75 X 
Io cm’, giving a compression ratio of 50000 
approximately. 

The gauge has several disadvantages for general 
use. If the gas whose pressure is being determined 
contains any condensable vapours, Boyle’s law is 


not obeyed and errors may occur. The measure- — 


ment is, by the nature of the design, not continuous, 
and is not suitable for recording purposes. Pre- 
cautions must be taken to prevent the mercury 
reaching the system under investigation, and cold 
traps are normally used. 

The raising of the mercury to the required level 
is performed in several ways. For the laboratory, 
a reservoir of mercury connected by rubber tubing 
to the tube assembly or gauge head proper is often 
used. By raising the reservoir, the mercury is 
brought to the required level. In other models, a 
double passage cock enables air to be admitted 
into a mercury reservoir, in which a vacuum has 
been created. The air forces the mercury to the 
correct levels. For robust industrial applications, 
the Edwards “Vacustat”’, an all-glass design, has 
certain advantages. In this instrument, it is only 
necessary to rotate the gauge through a right angle 
for taking a reading. The gauge can be so con- 
structed that it can be mounted on a panel. 

The range of the Mcleod gauge is from 10 to 
ro~* mm. mercury (10 to ro~ Torr). 


Pirani Gauge 

Consider a heated wire element in a chamber of 
gas. The molecules of the gas strike the wire, 
and, in general, rebound with a greater energy 
than they had before impact. The energy is 
shared with other molecules by collision, until the 
walls of the vessel are reached. Reducing the 
pressure lessens the number of molecules present, 
and the path before collision becomes increased. 
It is possible to reach a stage where the molecules 
can travel from the filament to the walls af the 
vessel without suffering collision, i.e. the mean 
free path has become equal to or greater than the 
distance between walls and filament. Now, the 
thermal conductivity of the gas becomes pressure 
dependlent, and the transfer of energy from wire 
to gas is a function of the gas pressure. 

Suppose a substantially constant supply of 
heating energy to the wire is maintained. With 
varying pressure and related energy transfer, the 
temperature of the wire changes, and affords a 
method of pressure measurement. In addition, 
as a result of a temperature change, the resistance 
of the wire alters, providing a second method of 
pressure measurement. 

To measure the temperature, a thermocouple is 
welded to the wire filament (Fig. 26) and a milli- 
voltmeter measures the thermocouple e.m.f. 
(See chapter 9g for descriptions of thermocouples.) 
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Fig. 26. Thermocouple or thermo-junction gauge. 
Reproduced with acknowledgments to Edwards High 
Vacuum Lid. 


The meter may be calibrated directly in pressure 
values. 

A resistance bridge is used when the resistance 
of the filament is to be measured. The normal 
method is to balance the bridge at some datum 
pressure and use the out-of-balance currents at all 
other pressures as measurements of the relative 
pressures. A simple bridge is indicated in Fig. 27. 
SET VOLTAGE ey a 


eo | 
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qauge head 


Fig. 27. Simple circuit for Pirani gauge. Repro- 
duced with acknowledgments to Edwards High 
Vacuum Ltd. 


The Pirani gauge used in this fashion has the 
advantage that by making several improvements 
to the simple design the pressure range may be 
extended in both directions. A more sensitive 
meter may be used to measure the bridge out-of- 
balance, but to obtain the additional stability the 
bridge voltage has to be held constant. Low 
voltage transistor stabilized circuits using a Zener 
reference diode have been used with advantage. 
Considerable improvements in stability and, there- 
fore, pressure range compared with the simple 
single element gauge are obtained by using a 
second gauge element either evacuated or sealed 
off at some fixed pressure as a compensating 
reference in the other bridge arm. Double range 
instruments with four element gauge heads in which 


Fig. 28. Simple circuit for double range Pirani 


gauge. Reproduced with acknowledgments 
Edwards High Vacuum Lid. 


to 


the bridge is balanced at low pressures (10-5 Torr) 
and at high pressures (atmospheric) respectively 
(Fig. 28) are possible. 

The gauge is upset by contamination due to the 
gases, and “‘flashing” by passing a current through 
the filament is provided on most instruments to 
clear the trouble. 

Alternatively, the filaments may be “blackened” 
so that under dirty conditions the calibration 
remains reasonably stable 

The range of the Pirani gauge is from 10-4 mm. to 
5 mm. of mercury approximately. 


Thermionic or Hot Cathode lonization Gauge 


In its simplest form, the gauge consists of a glass 
envelope with outlet arrangements for connecting 
it to the system whose pressure is to be measured. 
Inside the envelope is a thermionic triode assembly 
comprising the normal filament (cathode), grid, 
and anode. We will suppose that the anode is at a 
negative potential and that the grid is at a positive 
potential with respect to the filament. The 
electrons emitted from the filament collide with 
the gas molecules present in the tube and ionize 
them. The positive ions travel to the negatively 
charged anode. An ionization current now travels 
round the anode circuit, and may be measured by 
a microammeter. This current is a measure of the 
absolute pressure of the gas in the gauge. 

The electrons ultimately reach the positively 
charged grid and form an electron current round 
the grid circuit. The following approximate 
relation holds: 

kel, 


Ts 


where p = absolute pressure. 

c =a probability factor. 

k =a constant depending on the 
potentials used in the gauge, and 
the geometry of the electrodes. 

I, = ionization current. 
I, = electronic current. 

Provided, therefore, that the potentials and the 

electron current remain unaltered, the pressure is 

proportional to the ionization current. 


17 


There is an alternative method of using the 
gauge by making the grid negative and the anode 
positive. The first method is claimed to be 
superior from a sensitivity point of view because 
the electrons in oscillating round. the positive grid 
tend to have an increased path. 

The importance of maintaining the electron 
current at a stable value during measurement has 
led to the introduction of stabilizing circuits. 
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Fig. 29. Supply circuit for hot cathode tonization 
gauge. Reproduced with acknowledgments to 
Edwards High Vacuum Ltd. 


In Fig. 29 the emission current passes through the 
range resistors to obtain the negative bias voltage 
for the collector which can then beoperatedat earth 
potential. The voltage developed is compared with 
a reference voltage and the difference in levels 
serves to regulate the power valves supplying 
the filament voltage. 

In the normal triode arrangement of Fig. 30a, 
the filament F is either pure tungsten, thoriated 
tungsten or a platinum alloy coated with barium 
and strontium oxides. The grid G typically takes 
the form of a cylindrical molybdenum wire helix 
surrounding the filament. The ion collector (anode) 
A is typically an open ended nickel cylinder sur- 
rounding the grid although in one design it com- 
prises flat nickel plates parallel to the flattened 
sides of the helix. 

One disadvantage of the hot ionization gauge is 
the tendency to produce X-rays when ionizing 
electrons strike the grid. The X-rays cause a 
secondary emission at the ion collector resulting 
in a current in the collector circuit in the same 
direction as that due to the ions. This has tended 
to restrict the lower limit of the gauge to 10-8 Torr. 

In a desire to extend the range of the hot 
cathode ionization gauge, Bayard and Alpert made 
the ion collector in the form of a fine tungsten wire 
of about o-I mm. diameter and inverted the normal 
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Fig. 30u. Diagram show- Fig.30b. Diagramshowing 
ing essential features ofan essential features of Bay- 
ordinary tonization ard-Alpert tonization 
GaUge. gauge. 

electrode arrangement. The wire ion collector is 
situated inside the helical grid G, and the filament 
F is outside the grid in the manner of Fig. 3ob. 
The vastly smaller surface of the ion collector 
exposed to X-rays enables the lower limit to be 
extended to ro™™ Torr. 


Cold Cathode Ionization Gauge 

The simplest form of cold cathode ionization 
gauge 1s the discharge tube consisting of a glass 
tube, with two sealed-in electrodes joined to the 
vacuum system. When a high voltage is applied 
to the electrodes a glow discharge occurs at a low 
pressure, and as the pressure is reduced the 
colour and shape of the discharge can give a rough 
indication of the state of the vacuum and the 
gases that are present. At a pressure of about 
1o-? mm. mercury the discharge blacks out. The 
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Fig. 31. Various arrangements of anodes and 
cathodes for the Penning gauge. Reproduced with 
acknowledgments to Edwards High Vacuum Ltd. 
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Fig. 32. Calibration curves of two patterns of Penning 


gauge. Reproduced with acknowledgments to 
Edwards High Vacuum Ltd. 


dimensions of the tube and the applied voltage 
determine the actual pressure at which blackout 
occurs and this condition is sometimes used to give 
an approximate indication of the degree of vacuum. 

The Penning gauge is a more sophisticated 
development. In the Penning cold cathode ioniza- 
tion gauge two electrodes, an anode and a cathode 
are contained in a glass envelope. In the simplest 
design the cathode consists of two parallel plates 
and between them is a parallel loop of wire forming 
the anode (Fig. 31). The gauge is placed between 
the poles of an electromagnet in use so that the 
magnetic field is at right angles to the plates. The 
arrangement is that of a discharge tube, and 
emission of electrons from the cathode plates, 
takes place. The electrons move towards the 
loop anode in helical paths. The path length is 
increased enormously and the probability of 
collision of electrons with molecules to form ions 
is far larger than in the triode pattern of ionization 
gauge. The result is that a relatively big discharge 
current is obtained for a moderately high voltage. 

The calibration curve of pressure plotted against 
meter reading is a straight line at the lower 
pressures. But above 5—10~* mm. mercury non- 
linearity begins. The slope of the line depends on 
the gas being measured (F7g. 32). 
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Fig. 33. Supply circuit for Penning gauge. Repro- 
duced with acknowledgments to Edwards High 
Vacuum Lid. | 
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Cold Cathode Magnetron Gauge 


A development of the cold cathode design is the 
magnetron gauge. A simplified diagram of an 
industrial mode is shown in Fig. 34 (Leybold- 
Elliott). The cathode K consists of two circular 
metal discs, the centres of which are joined 
together by a thin cylinder. This cylinder acts as 
an electron source. The anode A is a metal cylinder 
placed coaxially to the thin cylinder joining the 
discs. The anode-cathode assembly is enclosed in 
a glass envelope and placed between the poles of a 
magnet N-S so that the magnetic field acts along 
the direction of the cylinder axis. The strength of 
the field is normally about 1000 gauss. A potential 
difference of 5-6kV is applied between anode and 
cathode. 


Fig. 34. Diagram of cold cathode magnetron toniza- 
tion gauge. Reproduced by permission of Leybold- 
Elliott Lid. 


Electrons are emitted from the thin cylindrical 
cathode and, due to the disposition of the magnetic 
and electric fields, follow a cycloidal path. With 
such a path, they must collide many times with 
gas mokecules, producing ions at each collision. 
The ions travel straight to the cathode. A current 
is set up and follows a linear relationship with the 
pressure in the range 107* to 5 x 107° Torr. 
Below 5 x 107! Torr the relationship is non- 
linear: 


I= Kp" 
where J = the ionization current 
== a constant 


p = the absolute pressure 

The overall range is 10 to 107! Torr. 

The current in the linear portion of the range is 
about 45 times that of the Bayard-Alpert ionization 
pattern gauge. 

In the particular pattern of gauge quoted, if it is 
used at very low pressures it must be baked out 
at 400°C or more for about 18 hours. 

In some designs auxiliary cathodes consisting 
of annular ring pattern electrodes are placed 
between the disc cathodes and the anode. 


‘Hot Cathode Magnetron Gauge 


This is a variation in design which has for its 
object increasing of the path length of the electrons. 
It increases the probability of an electron striking 
a molecule of gas and producing ions. In the 
modification due to Lafferty, the magnetic field H 
is applied longitudinally instead of transversely.. 


The tungsten filament F is surrounded by a 
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Fig. 35. Diagram of hot cathode magnetron toniza- 
tion gauge. Reproduced with acknowledgments to 
Journal of Applied Physics. 


cylindrical molybdenum anode A. Each end of 
the anode is nearly but not quite closed by two 
circular plates. One, J,acts as the ion collector and 
the other, S, as a shield. 

The assembly is enclosed in a glass envelope, 
and a cylindrical magnet M slides over the glass 
envelope. The field strength is about 250 oersteds. 
Normal operating voltages are —45v on the ion 
collector and —1o0V on the shield. The gauge 
should be operated at low emission currents in the 
range 10°°A to 10°°A, The ion current has a linear 
relationship with absolute pressure down to 
4 x 1074 Torr. Above 5 x 1078 Torr the relation- 
ship is non-linear and this represents an upper 
limit. 


Alpha Particle lonization Gauge 


An alternative form of ionization gauge is the 
alpha particle pattern. The ionization action is 
caused by a weak radioactive source emitting alpha 
particles. The alpha particles colliding with the 
gas molecules cause ionization. Included in the 
gauge is a collector plate and grid assembly, and 
the positive ions are attracted towards the grid. 
An ionization current is established which is a 
measure of the pressure of the gas in the gauge, 
indeed, a linear relation exists between the two. 
The operation of the instrument depends on the 
probability of ionization which varies from one 
gas to another, hence the calibration curve of 
current versus pressure will be unique for each gas. 
The ionic current is of the orderof 2x 107? A/mm 
per mm. mercury absolute pressure. The currents 
will, therefore, be extremely small at the lower 
pressures, resulting in the need tor complex d.c. 
amplification. This places a limit on the lower end 
of the range which typically is 10 mm. to 10-3 mm. 
mercury. Fig. 36 indicates the calibration curves 
for different gases of the Alpharay gauge. 
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Fig. 36. Calibration curves of the Alpharay ionization gauge. Reproduced by permission of Vacuum 


Industrial Applications Ltd. 


Questions 


I. 


In a Mcleod gauge the area of the measuring 
capillary tube is 1 x 10-*sq.cm. The volume 
of the bulb, etc., is 300cc. By taking p = ah?/V 
instead of equation (33) find the value of & for 
== 2 X 10°¢mm. of mercury. Then calculate 
the error in using the above equation instead of 
equation (33). (Answer 7:74cm. Negligible.) 
Draw the bridge circuit for the Pirani gauge 
when a second gauge is used for compensating 
purposes. How is contamination avoided 
or cured? 
In the hot cathode pattern of ionization gauge 
the electron current increases from Io to 
11pA. If the absolute pressure being measured 
at ropA is I X 1076mm. of mercury what is the 
apparent pressure at 11pA? All other factors 
remain the same. (Answer 0-91 X I0-6mm. 
mercury.) 
What principal advantage does the Alpert- 
Bayard design have over the normal pattern 


of ionization gauge and what features of the 
design contribute to this advantage? 

In the non-linear relationship for the cold 
cathode magnetron gauge if the current is 
doubled what is the ratio between the original 
and new pressure? (Answer 1-5 approx.) 


Books etc., suggested for further reading 


DusHMAN, S. Chapter 5—Scientific Foundations of 


Vacuum Techniques. John Wiley, 1962. 


PIRANI, M. and YaRwoop, J. Chapter 3—Principles 


of Vacuum Engineering. Chapman and Hall, 
1961. 


TURNBULL, A.; BARTON, R. S. and RIVIERE, J. C. 


Chapter 4—Vacuum Technique. 
Newnes, 1962. 


George 


STECKELMACHER, W. The Measurement of Pressure 


in High Vacuum Systems. Instrument Practice 
Vol. 14, No. 5, May, 1960, p. 519. 
Vacnique, Vol. I, No. 3, July, 1961, p. 2. 


Chapter 3 


LIQUID AND SOLIDS LEVEL MEASUREMENT 


NSTRUMENTS for the measurement of liquid 

level in a tank can be broadly classified under 
the following headings: 

I. Mechanical and General. 

2. Pneumatic. 

3. Electrical. 

4. Electronic. 

5. Nucleonic. 

The type of instrument to be employed is 
dependent on the liquid level range, the working 
pressures and the nature of the liquid. 

In this chapter we are concerned with con- 
tinuous measurement and devices solely for alarm 
or control purposes are not included. 


I. MECHANICAL AND GENERAL 
INSTRUMENTS 
Sight Glass 


A simple and fairly common method of observing 
liquid level in a tank is to incorporate an external 
direct vision or glass gauge, a version of which is 
shown in Fig. 37. It comprises a vertical glass 
tube situated between two shut-off valves which 
enable the device to be isolated from the tank. 


Fig. 37. - Sight glass liquid level gauge 


Liquid from the tank appears in the glass tube and 
indicates the level. The inclusion of a float 
marker improves the observation, particularly if 
the meniscus collects scum or scale. Toughened 


21 


glass enables the gauge to be used up to 350 lb/in?. 
If conditions due to the nature of the liquid or the 
working pressure appear hazardous then an 
alternative such as the Rotameter “Ekstrom”’ 
level gauge can be used. 


“Ekstrom’”’ Gauge 


The “Ekstrom” gauge (Fig. 38) consists of a 
vertical metal branch connected to the tank, 
containing a float M incorporating a magnet. 
Adjacent to the branch is an entirely separate 
gauge glass T filled with a liquid such as butanol. 


Fig. 38. Principle of the ““Ekstrom” gauge 


A hollow iron ball F is immersed in the butanol and 
follows the movement of the float magnet in the 
metal branch. A scale S may be added to the sight 
glass for measuring means. The gauge may be sup- 
plied to work at pressures up to 500 Ib/in? and 
level ranges of the order of 18ft. Observe that 
breakage of the sight glass does not involve loss of 
process liquid as in the normal sight glass gauge 
described previously. 


Float Gauges 


Another simple means of measuring liquid level 
is the float operated instrument. Here, a float of 
some material not corroded by the liquid rests on 
the surface and a chain, tape or cable connected 
to it passes over a wheel or pulley to a counter- 
weight. No slipping of the tape or cable on the 
drum must be permitted. As the liquid level 
varies, the float rises or falls and rotates the 


pulley. Connection may then be made from the 
pulley to an indicating instrument either by gear 
train or linkage. This type is suitable for open 
pattern tanks only (Fig. 39). 


Fig. 39. Float type gauge open tank 


A design for a closed tank is indicated in Fig. 40 
Here a float is connected by a solid arm to a pivot. 


Pressure Operated Instruments 


In any tank of liquid, unless the tank is empty, 
there must always be a head of liquid relative to 
the bottom of the tank or some selected datum 
level near the bottom. This head of liquid exerts 
a pressure of hp, where h is the height of the liquid 
above the datum level and p the density of the 
liquid. As the tank empties or fills, there must be 
a varying head exerting a proportional varying 
pressure. Measurement of this pressure, then, can 
give information of the liquid level or, alternatively 
the volume content of the liquid in the tank. One 
precaution must be observed. The measuring 
instrument can be calibrated for one density only. 
Any departure from this value will cause incorrect 
readings. 


Liquid Manometer Instruments 

A very simple example of the use of a U-tube to 
measure the level of liquid in a tank is shown in 
Fig. 41. Note that this is a very ideal case where 


As the float rises and falls with level, the arm 
rotates and by suitable coupling operates the 
pointer of an indicating instrument. With a 
magnetic coupling no direct connection between 
inside and outside of tank is required. The general 
design is, of course, suitable for open tanks as well 
as closed tanks. 


U-tube manometer ideal case 


Fig. 41. 


the tank zero, used as the datum level, is on a 
line with the zero level of the U-tube and the tank 
is open to atmosphere. Using similar reasoning 
as in Chapter 1, 


Pe h 
ne ir te eee 
Ds ; (35) 
where H = height of liquid above the zero 
of the tank 


Pp, = density of tank liquid 
P2 = density of manometer liquid 


h = distance between levels of mano- 
meter liquid. 


A rather more practical application, but still 
very simple, is indicated in Fig. 42. Here, the U- 
tube is below the tank, which is now closed, 
necessitating the connection to the limb B of the 
U-tube and the use of the manometer as a true 
differential pressure instrument. Observe two 
complications. There is now a head H, of liquid 
between the tank datum level and the level of 
liquid in the limb A of the manometer, for which 
allowance must be made, and there is another 
possible head H, acting on limb B due to the fluid 
above the liquid in the tank filling the downpipe 


Fig. 40. Float type gauge closed tank. Reproduced 
with acknowledgments to Bayham Ltd. 


U-tube manometer below tank 


Fig. 42. 


to limb B of the manometer. If the density of 
this fluid is very small compared with that of the 
liquid, the effect of this head may be neglected. 
Then, 


where H = height of liquid in tank above 


datum level 
H, = height of datum level above mano- 
meter zero 
Pp; = density of tank liquid 
Pz = density of manometer liquid 
h = distance between levels of mano- 
meter liquid 
With the ordinary glass U-tube manometer no 
very great operating pressures can be applied, and 
the all-metal version of Fig. 43 must be employed 
when these pressures are high. Equation then 


becomes 
Pe A, Ay 
Pi A, Ag "3 G7 


Po, P, and H are as before 
A, = area of wide tube 
A, = area of narrow tube 
d@ = movement of float on liquid in 
wide tube. 

One other application we must examine is when 
the level to be measured is virtually the interface 
between two fluids, the density of the upper one 
not being negligible. 

With pz, representing the density of the upper 


fluid in F ‘s+ 44, 

H = -|(@ ba BV s—?s)| 4 — H,. (38 
eae ts ae 1+ G8) 

_ A complication arises when a vapour condenses 

in the downpipe to the narrow limb, particularly 


where 


when the pipe is partly full of condensed liquid — 


and partly full of uncondensed vapour. Such 
conditions can lead to errors and it is useful to 
install a condenser near the upper outlet so that a 
column of liquid is obtained whose density can be 
estimated with reasonable accuracy. 
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Fig. 43. High pressure U-tube float pattern mano- 
meter below tank 
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Fig. 44. High pressure U-tube float pattern mano- 
meter below tank containing two fluids 


An interesting development of the U-tube 
pattern which renders it suitable for operation at 
high pressures and for distance is shown in Fig. 45. 
This is the Bailey-Jerguson instrument, and is 
especially applicable to the measurement of levels 
in a boiler drum. As will be seen, the gauge is 
basically a U-tube with a cistern or reservoir and a 
float chamber. The manometer liquid is mercury. 
The head due to the water in the drum is applied 
to the float chamber, where the mercury rises or 
falls in accordance with the level. The float is of 
stainless steel and rides on the surface of the 
mercury. Connected to the float is an armature of 
magnetic material enclosed in a stainless steel 
tube, and exterior to the tube is a pivoted magnetic 
yoke having fingers which form a magnetic 
coupling with the armature. To the yoke is 
attached the pointer which moves over a vertical 
scale. Thus, as the armature moves in proportion 
to the change in level, it is followed by the fingers 
of the yoke, which position the pointer on the scale. 

In boiler installations it is necessary to ensure 
a constant head, and this is provided by the 
datum column comprising a condenser located at 
the top of the column. The gauge is suitable for 
working up to 1,500 lb/in?. It may be located at a 
distance from the level to be measured, and can be 


equipped with a high or low level alarm operated 
by electrical switches from the pointer mechanism. 

An accuracy of $ per cent of the scale reading is 
claimed with this instrument. 

Where corrosive liquids are encountered it is 
necessary to install liquid seals at each outlet to 
prevent the possibility of the manometer liquid 
being attacked. 
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Fig. 45. Batley-Jerguson high pressure gauge 


Yet another variation in U-tube design is shown 
in Fig. 46. 


Fig. 46. Electrode pattern high pressure mano- 
meter (Electroflo Meters) 


It consists of a U-tube constructed of steel to 
withstand high static pressures. In one limb is 
inserted a unit consisting of a large number (about 
100) of vertical conducting rods arranged in spiral 
formation. These are connected to resistance 
elements in the head of the unit, in such a manner 
that they virtually form tappings from a continuous 
resistance. The rod Jengths are graduated so that 
mercury rising or falling in the chamber, with 
changing level, makes or breaks contact with one 
rod after the other. If one circuit connection is 
made via the mercury, and another through the 
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resistance assembly in the head, or as shown, the 
action of the mercury can be made to vary the 
amount of resistance in circuit. 

The corresponding variation in current can be 
shown on an indicating or recording ammeter 
calibrated in’terms of liquid level. This U-tube 
electrode unit is similar to that employed in flow 
measuring systems and will be discussed again 
when flow measurement is described. 


Diaphragm, Diaphragm Stack or Bellows 
Instruments 
Figs. 47 and 48 show how a single diaphragm 
unit may be used for liquid level measurement. 


Fig. 47. Pressure bulb inside tank 


The diaphragm is normally slack and is made of 
rubber, Neoprene or. similar substances, and is 
secured in a housing. The chamber formed by the 
diaphragm and the housing is connected by 
capillary tubing to a pressure instrument of the 
bourdon, stack or bellows type. It can be seen 
that the liquid above the diaphragm must exert a 
pressure on it equal to 4 p where h is the height and 


t 


EXTERNA 
PRESSURE 
BULB 


Fig. 48. Pressure bulb outside tank 


p the density. This pressure adjusts the position 
of the diaphragm and alters the pressure within 
the closed volume of air formed by the housing, 
capillary and bourdon, etc. The internal pressure 
is then observed on the pressure instrument which 
may be calibrated in terms of height of liquid 
above the diaphragm, or in terms of capacity, i.e. 
gallons of liquid in the container. This pattern of 
instrument is known as a pressure bulb. 

Equally well, a bellows, diaphragm or stack unit 
may be inserted in the container base at a con- 
venient spot, with the interior connected by 


Fig. 49. Diaphragm stack or bellows gauge. Ob- 
serve the arrangement for obviating trouble due to 
sediment at the bottom of the tank 


capillary to the pressure instrument. The liquid 
above the unit will exert a pressure on the exterior 
of the stack, causing it to compress and thus 
adjust the pressure within the closed volume 
formed by the stack or bellows, capillary and 
bourdon in the pressure measuring instrument 


(Fig. 49). 
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Another pattern of diaphragm instrument is 
that shown in Fig. 50. This is a force balance unit 
and is thus suitable for distance transmission. 
The pressure of the liquid acting on the diaphragm 
deflects it and moves the baffle nearer to or farther 
from the mouth of the nozzle. This adjusts the 
leak away to atmosphere and alters the back 
pressure in the chamber on the lower side of the 
diaphragm. Operation is continued until the back 
pressure equals the pressure due to the head of 
liquid on the opposite side of the diaphragm. The 
pressure in the chamber is then a measure of the 
liquid level and is transmitted to a suitable 
pneumatically operated receiving indicator or 
recorder, at the distance end, by the connection 
shown to the right of the figure. 

This instrument has a minimum range of 
equivalent pressure o0-3lb/in?., and maximum 
0-45lb/in 2. 


STANDPIPE SYSTEM OR FLUID PURGING 
SYSTEM 

This is a simple means of obtaining a level or 

volume measurement with the indicating instru- 
ment above or below the tank. 

The first arrangement shown in Fig. 51 involves 
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a standpipe with a bell, a hand pump, an indicating 
instrument and a two-way cock or relief valve. 
The bell has a small aperture near its lower edge, 
and this aperture is placed so that it coincides with 
the zero level of the tank. To obtain a reading, 
the liquid is pumped clear of the standpipe and 
bell by a few strokes of the hand pump. If a two- 
way cock is fitted, it must be turned so that the 
indicator is isolated during the pumping operation. 


RELIEF VALVE 


OIVING BELL 


Fig. 51. Standpipe installation with hand pump 

If a relief valve is fitted it should be adjusted to 
operate at a pressure a little above the maximum 
head likely to be experienced. When the pipe and 
bell are clear of liquid, the air pressure at the bell 
aperture balances that due to the head of liquid 
above it. This pressure is imposed on the indicator, 
whose reading then indicates the liquid level in the 
tank (or liquid volume). The capacity of the bell 
must be sufficiently large relative to that of the 
instrument, so that compression of the air in the 
system, caused by liquid rising in the bell, does 
not introduce errors which cannot be tolerated. 
From the nature of the equipment only periodic 
readings are possible, and for continuous indication 
or recording the arrangement shown in Fig. 52 
must be used. The hand pump is replaced by a 
compressor and a standpipe without bell is in- 
stalled. A small bubble indicator is included to 


Fig. 52. Standpipe installation with compressor 

give a visual indication of the air flow together 
with a pressure reducing valve. The rate of the 
flow must be as small as possible to obviate any 
significant pressure drop between the cock shown 
in Fig. 52 and the bottom of the standpipe, other- 
wise the pressure operating the recorder or indicator 
will be the one at the cock and not the one at the 


bottom of the standpipe. A bubble rate of the 
order of 60 per minute is suggested. 

Both of the foregoing examples deal with open 
tanks. With closed tanks it is customary to install 
a different system with two branches. One 


branch comprises a pressure reducing valve, a _ 


bubble indicator and a standpipe, as before. The 
other branch comprises a reducing valve, a 
bubble indicator but no standpipe and is taken to 
an inlet in the space above the liquid in the tank. 
The two branches are connected to a differential 
pressure indicator or recorder. 

Air is commonly used for the purging fluid in 
standpipe installations, but where this would 
involve fire or explosion hazards, carbon dioxide, 
nitrogen or other inert gases may be used. 

A liquid purge is sometimes necessary when 
dealing with asphalts, solids in suspension, corrosive 
liquids, etc. The small flow of liquid prevents the 
tank contents from entering the pipes of the level 
measuring equipment. The purging liquid depends 
on the nature of the tank liquid. 


Buoyancy Type and Torque Tube 


In the float-operated instruments developed 
from those of Fig. 40, the float has followed the 
change of level of the liquid, and the range has been 
limited to the length of the float arm, itself limited 
by the diameter of the vessel or the size of external 
float chambers. In a different design the change in 
buoyancy of the float is employed to detect change 
in level. The length of the float must be a little in 
excess of the change in level to be measured, but it 
can be of small diameter. For example, a float 
50ft long can be used over the corresponding 
range in a column only 3ft wide, where the surface 
float type would be limited to something less than 
6ft, i.e. the accurate movement of the maximum 
length of float arm that could be accommodated. 
The force generated by the buoyancy is partially 
balanced against a spring and the motion reduced 
considerably, so that it can be used to operate a 
nozzle and flapper device having air supplied 
through a restriction and at a constant pressure. 
Changes in level vary the flapper position and, 
hence, the air pressure in the system which is 
connected to instruments designed to measure 
pressure, but calibrated in terms of level. 

The float can be located in the vessel itself, but 
preferably should be mounted in a separate 
chamber mounted externally and connected with 
the vessel at both the upper and lower ends. The 
reduced movement of the float is brought through 
the wall or casing by a torque tube which over- 
comes the sealing difficulties and prevents leakage 
of liquids or gases which might be injurious to 
health or add to the risk of fire or explosion. The 
construction of this unit is shown in Fig. 53. This 
figure is actually a control system but the principles 
involved are the same A typical range would be 
50ft head of fluid with very high static pressures 
of the order of 500o0lb/in?. 


CAPACITOR TYPE INSTRUMENTS 


This type of level instrument is suitable for 
liquids which can act as. dielectrics. Consider a 
rod-like electrode, E in Fig. 54, inserted in a 
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Fig. 53. Buoyancy unit with torque tube transmis- 
sion 


tank T, but insulated from the latter. The tank 
is earthed. The electrode and tank form a capacitor 
system whose dielectrics are the liquid itself 
and the air or gas in the space above the liquid. 
These form capacitances C, and C, as the principal 
components. Since the dielectric constants 
of liquids are normally much greater than those 
of gases, it can be seen that variations of the 
liquid dielectric by its rise and fall in the tank can 
alter the effective capacity of the system and so 
afford a measurement of the level of the liquid. 

The measuring circuit is usually a bridge, of 
which the capacitor system due to the electrode, 
tank and its contents forms one arm. The opposite 
arm is also a capacitor, adjustable so that the 
bridge may be balanced at one datum value, e.g. 
zero level. The out-of-balance current at all 
other levels may then be used for measurement 
purposes and a suitable meter can be calibrated 
directly in level or contents units. The other two 
arms may be fixed resistors or fixed capacitors. 

It is customary to use relatively high frequency 
supplies to the bridge, above 100 kc/s. 

The range of the equipment may be a few inches 
or several hundred feet. The material of the 
electrode varies according to the application. 
For non-corrosive liquids most common metals 
are satisfactory. For corrosive liquids, stainless 


Fig. 54. The principal capacitances in the capacitor 
probe system 


steel may be suitable, or it may be necessary to 
proceed to an electrode covered with p.v.c. or 
Fluon or similar substances. The former can be 
used up to 60°C and the latter to 320°C. In the 
case of very deep tanks the electrode has taken 
the form of a nylon rope weighted at the bottom, 
although, strictly speaking, this method is more 
popular in installations such as silos or grain 
elevators with solid contents. 


NUCLEONIC TYPE INSTRUMENTS 


The nucleonic type level instrument involves a 
radioactive source, a radiation detector and 
electronic measuring circuits including amplifier 
ratemeter and so on. 

The source is placed externally on one side of 
the tank and the detector on the opposite external 
side of the tank. The liquid rising and falling 
inside the tank absorbs radiation and the change 
in intensity received by the detector is measured 
and gives an indication of the liquid level. In 
Figs. 55 and 56, two types of installation will 
be noted: one transmitting a relatively narrow 
beam of radiation and the other a deep beam of 
radiation extending over the range of liquid level 
it is desired to measure. The former is useful 
where the change in level is small, of the order of a 
few inches, and the other where changes in level 
up to 6ft are encountered. Sources normally 
used are Strontium go or Caesium 44 for beta 
radiation and Cobalt 60 and Caesium 137 for 
gamma radiation. A small radioactive source 
could be about rin. long and }in. diameter. The 
deep source would be made of short rods placed 
end to end to make up the required length. All 
sources are housed in shielded containers with a 
shutter for transmission purposes. 

In addition to the radioactive source, a typical 
equipment involves a single halogen quenched 
geiger counter as detector. The pulse signals so 
obtained are fed to a cathode tollower circuit and 
thence to a backed-off ratemeter of high stability. 
The ratemeter output can be used to operate an 
indicator or recorder. 

It is possible to use nucleonic liquid level 
instruments for tanks up to 15ft. to 2oft. in 
diameter. 

As an indication of the effectiveness of the type 
of small liquid level changes, Fig. 57 shows the 
calibration for the molten glass feeder channel 
of Fig. 58 where it was necessary to measure 
accurately over a very small range. 


DETECTOR 


Fig. 55. Diagram indicating the elements of a 
nucleontc liquid level gauge for small variations in 
level 
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Fig. 56. Diagram indicating the arrangement. for a 
nucleon ic level gauge for larger variations than those 
of Fig.55 


METER READING mA 


Sey’ She Ne ne Ve" 316 
Low CRITICAL LEVEL 

Fig. 57. Calibration curve for nucleonic type level 

gauge for the installation of Fig. 58 
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Fig. 58. Arrangement for measuring the level of 
molten glass feeder channel 


MEASUREMENT OF THE LEVEL OF 
SOLID SUBSTANCES 


There is a need in industry for the continuous 
indication of the levels of granular substances in 
containers between the full and empty conditions. 
One typical example is the measurement of the 
level of flour in a silo. It is relatively easy to 
provide an equipment which will indicate the upper 
and lower limits, but continuous measurement 
between these present difficulties. It can be seen 
that the majority of methods described for liquid 
level determination cannot be used in the case of 
solids. One exception is the capacitor probe 
method. 


MOTOR 


Fig. 59. Possible arrangement of a nucleonic level 
measuring system for solids 


Nucleonic Methods 


At the moment of writing this method has 
potential applications, particularly where the level 
has small variations. A suggested method is 
shown in Fig. 59. Here the transmitter and receiver 
are installed on a framework mounted in the rack 
member of a rack and pinion movement. A change 
in level produces a signal to operate the motor 
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which drives the rack and pinion until the trans- 
mitter and receiver are again in line with the level 
of.the solid in the container. 


Capacitor Probe Method 

The general arrangement is the same as that for 
liquid levels as indicated in Fig. 54. A variety of 
probe devices are available including the nylon 
rope previously mentioned which has been used 
for flour silos. One or two precautions must be 
observed. Filling and emptying a container with 
abrasive substances can damage the probe unless 
it is of a material, or is coated with a material, not 
affected by abrasive action. A change in moisture 
content of the substance can affect its dielectric 
constant and hence the capacity values. An 
error, therefore, may be introduced into the measure- 
ment. There is a tendency to introduce a device 
for compensating for moisture content changes into 
the capacitor probe equipment when it is used for 
hygroscopic substances. 


Determination of Level by Weighing 

Measuring the weight of material in a vessel is 
an indirect method of observing level since varia- 
tions in level produce corresponding variations in 
weights. But the primary factor of importance in 
such cases would normally be weight and the 
meee is not widely used for level determination 
only. 


Questions 


1. In the float operated gauge of Fig. 39, the float 
moves 20ft between maximum level and zero. 
If the pulley diameter is 3in. and the indicator 
pointer moves over 300° for full scale travel, 
what is the reduction needed between pulley 
and pointer? (Answer 31/1.) 


2. Using formula (37) calculate the float travel d 
for a level range H of goft. Take p, as 
0:488lb/in? and p, as 0:036lb/in®, H, is roft. 
d, = 8}in. and d,=2in. (Answer 28in.) 


3. With the same figures as question 2 calculate d 
when the situation is as shown in Fig. 44. 
Use formula (38) and take p, as o-o16lb/in® 
(Answer rin.) 


4. Assuming for calculation purposes that Fig. 54 
can approximate to two coaxial cylinders, if the 
diameter d of the probe is 2cm, the diameter D 
of the tank is Ioocm (I metre), the dielectric 
constant K of the liquid in the tank is 2, find 
the capacitance involved if the length / of the 
tank is 200cm and is full of liquid. 

Ko-2416l 
Capacitance Cis ~“Jog.4D 


d 
(Answer 57 micromicrofarads.) 


microfarads 


Chapter 4 


DIFFERENTIAL PRESSURE FLUID FLOWMETERS 


INTRODUCTION 


LUID flow in industrial undertakings occurs in 
two general forms: either as a flow in a pipe or 
conduit or, in the case of liquids only, as a flow in 
an open channel. In both cases, the rate of flow is 
of primary importance, and, in a large number of 
plants, the totalized flow over a specified period is 
required in addition. The rate of flow measuring 
instruments will be examined first. 


RATE OF FLOW MEASURING 
INSTRUMENTS 


This class may be broadly sub-divided into: 
(a) Differential pressure flowmeters 
Orifice pattern 
Venturi and nozzle pattern 
Pitot tube pattern 
Dall tube pattern 
Miscellaneous tube patterns 
(b) Variable area flowmeters 
(c) Displacement and inferential flowmeters 
(d) Electromagnetic flowmeters 
(e) Ultrasonic flowmeters 
(f) Anemometers. 


DIFFERENTIAL PRESSURE FLOWMETERS 


Before describing any particular models of 
differential pressure flowmeters, it will be necessary 
to consider some aspects of Bernouilli’s Theorem. 


Bernouills’s Theorem—Incompressible Fluids 
Bernouilli’s Theorem will be stated here, but not 
derived, since we are concerned only with the final 
result. It must be pointed out that it applies to 
‘deal fluids under streamlined flow conditions. The 
full treatment may be found in standard textbooks 
dealing with fluid flow. For a stream of ideal fluid, 
. In steady flow, with no frictional forces involved 
but acting under gravitational forces only, the sum 
of the pressure energy, kinetic energy and potential 
energy is a constant. Expressed mathematically, 


2 
bg ++ gpZ =k 


where p = the pressure 
p = the density 
v = the velocity 
g = gravitational acceleration 
Z = height above an arbitrary datum 
plane 
k =a constant. 
The first term on the left hand side of equation 
(39) represents the pressure energy, the second the 
kinetic energy and the third the potential energy. 


Fig.60. A fluid stream constricted from area A, 
at AB to A, at CD 


Now consider Fig. 60, a fluid stream constricted 
to flow from a section area A, at AB to a smaller 
area A, at CD. The fluid, at first, will be taken to 
be incompressible, so that the density is unchanged 
from AB to CD. Continuity of flow demands that 
the quantity of fluid Q flowing through A, per 
second is the same as that through A,. Since @ is 
the product of the area and velocity at each section, 
Q = Aw, = Ad, 1... -s (40) 
v, = the velocity at AB 
v, = the velocity at CD. 

This means that the kinetic energies obtaining 


where 


2 2 
at AB and CD are oa and rea respectively. 


The potential energy at AB is gpZ,, and that at 
CD, gpZ.. 

A pressure change is involved from AB to CD. 
The reason for this will be found in the various 
treatments of Bernouilli’s Theorem. It can be 
deduced by considering the work done in trans- 
ferring a small element of fluid from AB to CD. Let 
us designate the pressure energy at AB p,g and 
that at CD p,g. The total energy at AB is the same 
as that at CD since no heat transfer, etc., is 
considered involved. Then, the following relation 
holds: 


a) 2 2 
PB +A oo + ep Li= bob + a + gpZ,=k. (41) 
Rearranging (41), 
Flos? — 11%) = glb.—Ps) + 89 (2,—Z,) 
2 


,?—v,? = =P) + 2g(Z;—Z,) . . (43) 


~ » » (42) 


We have seen that 
Q= rie = Agr, 
If —— 
m A, 
V, = Mg 
and (43) becomes 


; 2g ; 
v27(1—m?) = p (bi—pe) + 2g (2Z,—Z:) - (44) 
giving 
a = sore ee 
_ But since Q = A,v, (45) can be written 


_ As /2g[(p1—p2) + p(Z,—Z,)| 
a ear OY naar ceca (46) 


A further step yields 


+ (45) 


Q =A, f 8lbr—Po) + 0—22)) (49) 
v p 
where E — ___! and is known as the velocity 
/1—m? of approach factor. 


Equation (47) is of the utmost importance as it 
infers that by constricting a fluid stream to a 
smaller area, a pressure differential may be set up 
which is a measure of the flow rate Q of the fluid. 

The difference (Z,—Z,) can be written as H. 
Then 


Q = 5.4, / Mod + oF oe. 8) 


If the flow is through a horizontal pipe, Z, = Z, 
and (48) simplifies to 


Q=E.A 7 = a or (49) 
/ 28pa 

A ae he (50) 

where pa = (f,—/2) 


Compressible Fluids 

With compressible fluids such as gases and 
vapours, the density does not remain constant 
when the pressure changes from ~, to f,. An 
adiabatic gas expansion is considered to take place, 
that is, no heat flows from or to the fluid, and no 
external work is done on or by the fluid. Applying 
certain thermodynamic laws, we find as a final 
result that the original equation (50) must be 
modified by a constant known as the expansibility 
factor, denoted by «. The actual value of the factor 
is a function of the ratio of the upstream and down- 
stream pressures, the gas specific heat ratio, and 
area ratios. Curves for deducing the appropriate 
value are available in B.S. 1042. Since the density 
alters with pressure, it must be specified at one 
particular pressure value. This is normally 4). 


where p, is the density at pressure 4). 

Accepting equation (50) or (51) as a basis for 
measurement, the main problem to be solved is in 
what manner the alteration of area shall be made. 
The transition may take place abruptly or gradu- 
ally. We shall consider the abrupt change first. 


Concentric Orifice Plates 


A universally used method of making an abrupt 
change in the cross-sectional area of a fluid stream 
flowing in a pipe is the concentric orifice plate. This 
involves a circular metal plate with a central hole 
or orifice concentric with the circumference of the 
plate. It is fixed between the pipe flanges and is 
located by the flange bolts. The orifice is then 
concentric with the internal bore of the pipe (see 
Fig. 61). Appendix 1 describes actual designs. 


Identification 


Pipe 
Fig. 61. A concentric thin plate orifice 


The design and use of concentric orifice plates 
are covered in a British Standard Specification 
No. 1042, Part 1. It will be convenient before 
describing particulars to see what occurs when an 
orifice plate is inserted in a fluid stream in a pipe, 
and a liquid flow is considered. Fig. 62 illustrates 
the action in a simplified manner. 
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Fig. 62. Illustrating the variation of static pressure 
upstream and downstream of the ortfice 


Suppose that tubes are inserted through the pipe. 
wall at the position shown in the diagram. The 
pipe liquid will rise in these until the pressure due 
to the column of liquid in each tube is equal to the 
static pressure at that position. The column 
heights are then a measure of the pressures, and 
from observing the different values we may trace 
the pattern of the pressure changes as we proceed 


along the pipe. At positions xr and 2 there is no 
pressure change worth specifying. At 3 and 4, just 
before the orifice, we find a slight increase in pres- 
sure. The stream is then constrained to flow 
through the smaller area of the orifice, from which 
it issues as a jet. At positions 5 and 6 there are 
lower pressures than at the upstream positions due 
to the change in the stream sectional area. Since 
this is smaller the velocity has increased, and the 
pressure has fallen. The stream or jet cross- 
section decreases in area after leaving the orifice 
until it reaches a point, indicated as 7 in the 
diagram, where it is a minimum and the velocity 
a maximum. This is mainly due to the liquid being 
directed inward as it approaches the orifice, and, 
through inertia effects, persisting in this direction 
for a distance after it leaves the orifice. The static 
pressure also reaches its minimum value at this 
position, which is known as the vena contracta. 
The distance from the orifice varies with the ratio 
of orifice diameter to pipe diameter, but an 
average value would be about one half the pipe 
diameter. From the vena contracta, the stream 
section expands until it reaches the pipe diameter 
at 8. Two facts emerge from a study of Fig. 62. 
One is that the downstream static pressure never 
recovers its upstream value. This would appear 
to be caused by the velocity changes being accom- 
panied by considerable turbulence with resulting 
dissipation of energy involving a pressure loss. 
B.S. 1042 gives a curve of pressure losses in terms 
of percentage of the differential pressure across the 
orifice and the ratio of the orifice to pipe diameter. 
Taking a typical value of 0-6 for orifice to pipe 
diameter ratio, the percentage loss works out at 
65 per cent of the differential pressure. Where 
pressure loss is important this factor should be 
borne in mind. 

The second point which emerges is that there 
appears to be a variety of positions at which to 
take pressure tappings or connections for obtaining 
the differential pressure. 

The following are the main tapping positions 
(shown diagrammatically in Fig. 63) and in 
appendix 1. 


D and D/2 Taps (Radius or Throat Taps) 


The upstream pressure tapping is taken at one 
pipe diameter, D, upstream from the face of the 
orifice, and the downstream pressure tapping is 
taken at one half pipe diameter, D/2, downstream 
from the orifice face, approximately the vena 
contracta position. The tappings correspond 
roughly to positions 2 and 7 in Fig. 62. (B.S. 1042, 
Part 1). 


Corner Taps 


Corner tappings are taken via holes cut obliquely 
through a flange or boss on the pipe, bringing the 
inside openings of the holes adjacent to the orifice 
Positions 4 and 5 in Fig. 62 correspond (B.S. 1042, 
Part 1). 


_ Plate Taps 

In this variety, connecting holes are actually 
bored in the orifice plate itself, each hole com- 
municating with one face. 


31 


plane 
veno-contracta 


T, T.= CORNER TAPS 
T, Ty = FLANGE TAPS 
T, 1,2 RADIUS TAPS 
Ty Ty= VENA-CONTRACTA TAPS 


Tp Ib = PIPE Taps 


Fig. 63. The position of various pressure tappings 
relative to an orifice 


Flange Taps 


These are situated lin. from the upstream and 
lin. from the downstream face of the orifice plate, 
with the tappings bored through the flanges (B.S. 
1042. Part 1). 


Vena Contracta Taps 


The upstream tapping is I pipe diameter from 
the upstream face, and the downstream tapping 
is determined from a curve relating the required 
dimension to the ratio of orifice to pipe diameter. 
These are very similar to the D and D/2 taps. 


Pipe Taps 

These may be 24 pipe diameters upstream and 8 
diameters downstream from the upstream face of 
the orifice plate. 
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PLAN 
Fig. 64. A carrier ring pattern orifice unit 


Carrier Ring» 
Where it is not desirable to drill or tap actual 


pipes, bosses, or flanges, a self-contained orifice 
assembly may be inserted between pipe flanges. 


It consists of a metal ring holding the orifice plate, 
with tappings drilled through the ring to commu- 
nicate with the upstream and downstream sides 
of the orifice. Fig. 64 shows diagrammatically a 
carrier ring assembly. One advantage of this type 
is that all drillings, etc., are carried out at the 
manufacturer’s works, and errors due to site 
operations are eliminated. 

Having established the possibility of a definite 
constrictive device for fluid flow measurement 
under ideal conditions, we must now examine what 
modifications are necessary in practice. 


Turbulent Flow 

In practically all cases of flow in pipes for 
industrial purposes the flow is turbulent, that is, 
the particles of the fluid do not follow paths parallel 
to the direction of flow. Some, if not all, of the 
particles have a transverse motion as well as a 
longitudina] one, and form little eddies or swirls 
giving rise to turbulence. Stream line or laminar 
flow formule will not apply here without modifica- 
tion and a new set of equations must be derived. 


Discharge Coefficient 

Due to friction and velocity distribution, the 
practical flow figures do not line up with the 
theoretical ones. Observe that the stream area 
contracts after leaving the orifice to the vena 
contracta position (Fig. 62). The cross-sectional 
area there may only be about 0-6 of that of the 
orifice, and since it is the stream area from which 
equations (50) and (51) have been evolved and the 
one, therefore, determining the measurement, the 
equation must include a correction factor for the 
friction effects, and another for the contraction 
effect. It is customary to incorporate these two 
into one constant, and denote it by name Discharge 
Coefficient and letter C. 


Reynolds Number 

All liquids are viscous in nature and the viscosity 
enters into the determination of flow constants, 
particularly the discharge coefficient. In fact, it 


d, 
may be shown that the latter is a function of pial 


where v is the mean velocity through the orifice, d 
is the orifice diameter, p the fluid density, and y 


vdp . 
its absolute viscosity. The term ta is known as 
n 


the Reynolds number. This factor is dimensionless, 
and a useful criterion by which to compare flows in 
geometrically similar installations but with differing 
flow conditions. It also furnishes a means of 
indicating the conditions where stream line flow 
ceases and turbulent flow begins, and the Reynolds 
number for the transition region is about 2000- 
2200. In any of the official publications covering 
flow practice, e.g., “Fluid Meters’ by the American 
Society of Mechanical Engineers, British Standard 
Specification No. 1042, and the German V.D.I. 
publication on “Rules for Normal Flow Nozzles 
and Orifices’” will be found discharge coefficients 
prepared for varying Reynolds numbers and orifice/ 
pipe diameter ratios so that calculation is rendered 
easier. 


General Rules for Orifice Design 

Some general rules relating to concentric orifices 
may now be quoted. In view of the comprehensive 
nature of B.S. 1042, Part 1, it is only possible to 
quote a few general provisions. 

(1) The thickness of the orifice plate should be 
sufficient to prevent distortion by the 
differential pressure across it. This, however, 
does not normally call for excessive thick- 
ness and ;), in. for pipes up to 6in. diameter 
(one or two firms go as low as jin.) and 
din. above is quite normal. It may be 
necessary to proceed to ;3;in. for some pipe 
and flow conditions. The maximum thick- 
ness allowed by B.S. 1042 is 0-1 or 0-05 of 
the pipe diameter, depending upon design 
conditions. 

The upstream edge of the orifice must be 
quite sharp except for conical entrance and 
quarter circle types and the bore should 
form a right angle with the face of the plate. 
Any alteration in this will affect the dis- 
charge coefficient. 

Coefficients are published for various 
types of orifices in pipe lines down to lin. 
lated for m values between 0 and 0-7. The 
minimum orifice diameter varies between 
0-2 and 0-6in. 

The orifice plate should possess an identifi- 
cation tongue as indicated in Fig. 61. 

The orifice plate must have a small hole 
drilled in it. In the case of liquid flow, the 
hole is situated above the orifice opening 
to allow passage of entrained air or gases 
and so prevent a gas or air pocket building 
up. In the case of air, gas, or vapour flow, 
the hole is placed below the orifice, and 
nearly flush with the pipe bottom, to allow 
condensed moisture to drain through. The 
hole must be at least go° displaced from 
the pressure tapping. 

Orifice (either plate or carrier type) position - 
ing is effected by the ring of bolts clamping 
the flanges together. The outside diameter 
of the orifice plate must be made so that it 
fits accurately within the bolt ring. 


(5) 


(6) 


General Factors Affecting the Performance 
of Orifice Meters 


1. In paragraph 2 of General Rules for Orifice 
Design reference was made to the sharp edge of an 
orifice. It may suffer from wear by abrasion, 
so modifying its effective diameter. At the 
same time, the internal surface of the pipe may 
undergo corrosion or erosion. From either aspect 
the ratio of the orifice diameter to pipe diameter 
can be affected seriously enough to introduce 
unacceptable errors. Calibration can also be 
affected by a difference between the actual diameter 
of a new pipe and its quoted value. 


2. Certain precautions must be observed in the 
location of an orifice. A pipe bend or control valve 
if sufficiently close to the orifice can produce 
abnormal flow conditions, such as swirls or eddies, 


influencing accuracy of measurement. It is usual 
to specify minimum straight lengths of unimpeded 
pipe upstream and downstream from the orifices. 

In some cases, straightening devices are recom- 
mended upstream of an orifice to correct the 
distortion. Typical units are indicated in Fig. 65 
as a set of vanes or a nest of pipes. The nature of 
the disturbance should be known, as the use of 
straighteners cannot be made indiscriminately. 
B.S. 1042, Part 1 makes recommendations regarding 
the installation of vanes, location of bends, etc., 
relative to the orifice, and is inclined to favour 
perforated plate services. 


STRAIGHTENING VANES 


~-- NEST OF PIPES 


Fig. 65. Flow straightening devices in a pipe 


3. The location of the measuring instrument 
relative to the orifice (or indeed other differential 
pressure elements) together with the nature of the 
fluid being metered give rise to certain require- 
ments regarding piping and the use of seals and 
other devices. These will be discussed in Chapter 
5 dealing with differential pressure flow measuring 
instruments. 


Practical Forms of Equations 


Equation (50) now takes the following practical 
forms: 


W = 359-2CZeEd? -~/hp  ....... (52) 
Qg=2238CZEd2@ fh (53) 
p 


whereW = the flow rate in lb/hour 
Qg = the flow rate in gallons/hour 

C =the discharge coefficient 

d = the orifice diameter in inches 

E = the velocity of approach factor 

h =the pressure differential across the 
orifice in inches of water 

p = the liquid density in Ib/ft® 

2 =acompound factor. In the case of fluid 
flow it is the product of a correction for 
Reynolds number and a pipe size 
constant. 

€ = expansibility factor. For liquids this 
may be taken as 1. 


Equation (51) becomes: 


= 359:2CZeEd? fe... 
Q / > (54) 
where Q = the flow rate of a fluid having a density 
p at the upstream pressure value. It 
may be necessary to correct to stan- 
dard conditions. 
The flow rate is normally in c.ft/hour. 
e, C, d, E, Z as in equation (52). 


Segment (or Chord) and Eccentric Orifices 

Whilst the concentric orifice is satisfactory for 
most fluids, where suspended solid is encountered 
it is preferable to use a segment type orifice or an 
eccentric one (Figs. 66 and 67). In the case of the 
segment or chord orifice, the solid segment is at 
the top part of the orifice plate, and the open part 
has its circumference coincident with the pipe so 
that passage of solid material is not interfered 
with, and there is no building up of solid matter 
against the upstream face of the orifice. The 
eccentric orifice follows a similar course with the 
lower part of its orifice opening flush with the lower 
part of the pipe. 


Pipe 
section 


Fig. 66. The segment pattern orifice 


There are one or two other aspects of these types 
of orifices which may favour their use in place of 
the concentric type. With a large m ratio, e.g., 0-7 
or above, arranging the concentricity of the orifice 
opening relative to the pipe bore may be a matter 
of difficulty. With either of the above versions 
possible errors due to misalignment are eliminated. 


Pipe 
section 


Fig. 67. The eccentric pattern orifice 


Again, some gas flow mains can be of extremely 
large diameter, perhaps 3 or 4ft. The use of a 
segment orifice with a turned flange on it enables 
the orifice plate to be bolted to the pipe surface 
and dispenses with the necessity of having a pipe 
flange for installation. 


Orifice Materials 


Materials used for orifice plates include mild 
steel, stainless steel, Monel, phosphor bronze, 
gunmetal, depending on the application. A rough 
classification would be: 

Water Metering : Gunmetal, bronze, stainless steel 

Air Metering: Gunmetal, Monel, mild steel 

Steam Metering: Stainless steel, Monel 

Sewage, Fuel Oils, Coal Gas: Stainless steel. 


Venturi Tube 


We have seen the effect of inserting an orifice 
plate in a fluid stream, causing an abrupt change 
in stream area to produce a differential pressure. 
The operation can be accompanied by a fairly 
high permanent pressure loss, and, where pressure 
loss is important, it is necessary to turn to other 
methods of producing differential pressures. Let 
us consider devices with a gradual change in area. 
The first of these is the Venturi tube. 

The principle was first explained by Venturi, the 
Italian scientist, as far back as 1797, but practical 
form was really given to it by Herschel in 1887. 
The basic design is relatively simple. There are 
virtually three sections to the tube: the inlet or 
upstream cone, the throat, and the outlet or down- 
stream cone. Fig. 68 indicates the general lay-out 
of the long or standard pattern. The inlet cone 
tapers down from the pipe area to the throat section 
of smaller area to produce the necessary velocity 
and pressure change. The outlet cone expands 
from the throat to the pipe area. Pressure 
tappings are taken at the inlet entrance to the 
cone, and at the throat. The tappings take the 


shape of annular chambers, the inside surfaces 
assuming the form, as a rule, of smoothly machined 
liners with holes pierced at regular intervals round 
the circumference. This enables the pressure to be 
averaged before transmission to the measuring 
instruments. B.S. 1042 specifies conical angles 
between 5° and 15° for the outlet cone, the design 
of which has an influence on efficiency in terms 
of pressure loss. As an example, take a throat/ 
pipe diameter ratio of 0-060 giving m = 0-36. 
Expressed in the conventional manner, with a 
5°-7° expansion, the net pressure loss is about 
9 per cent of the differential pressure between 
inlet and throat, and with a 14°-15° (14 per 
cent. Compare these figures with the 65 per cent 
loss for an orifice/pipe diameter ratio of 0-60. 

The effect of the inlet cone is not so important, 
and if a little greater loss of pressure may be 
tolerated, another pattern of Venturi tube may be 
used with considerable saving in weight and space. 
This type is known as the short pattern, and the 
inlet area change is made in several ways. In one 
form it takes the profile of a nozzle; in another it 
is almost as abrupt as an orifice. 

UPSTREAM CONNECTION 


MACHINED THROAT 
THROAT CONNECTION 


INSPECTION COVER VICTAULIC JOINT 
i 


PLAN 


Fig. 68. The elements of a Venturi tube 


Discharge Coefficients 


The discharge coefficient of a standard type of 
Venturi tube is about o-99 and remains sub- 
stantially constant for all values of throat/pipe 
diameter ratios between 0-25 and 0-75 (m = 0:05 
to 0°55). At low values of Reynolds numbers, the 
Rd coefficient may fall to 0-95 and so modify the 
flow. In practice, the approach to the throat is 
often given a curved profile by means of its liner, 
to maintain a constant discharge coefficient. 

_ For the short Venturi tube, the discharge co- 
efficient ranges between 0-98 and 0-92. 

BS. 1042 Part 1 covers pipe diameters down to 
2in. but rules that the throat diameter must not 
be less than 0-8in. 

The effect of a high discharge coefficient is 
apparent if any of the equations (52), (53) and (54) 
are examined (these apply equally to orifice plates, 
Venturi tubes or nozzles). For the same flow in 
a given pipe, and with the throat diameter the same 
as that of an orifice, a much smaller differential is 
needed, resulting in further decrease in pressure 
loss. Alternatively, with the same differential and 
throat diameter a considerably larger flow is 
achieved than with an orifice. For a simple and 
rough comparison let us consider an example. 

Suppose the m value of a Venturi tube be 0-40, 
its discharge coefficient 0-99, and differential /,. 
For an orifice of the same m ratio the discharge co- 


efficient will be approximately o-60. Let the 
differential be 4,. With the flow remaining the 
same in both cases: 


0-99 Wh, = 0-60 Why... . (56) 
— 0-60 
Vga Vig... (57) 
0°66. 2 
i= a) 2 (58) 
hy = 0364, «.. «1. (59) 


The differential required for the Venturi case is 
less than half that required for the orifice. 

If the differential remains the same and the 
throat and orifice diameters are equal, and if Q, 
and Q, are the respective flows: 


QO: Qe 

ae ee ee (60) 
a= _ Os sakes (61) 
0; = 1-660, eee eee (62) 


In other words, the flow has increased by more 
than half in the case of the Venturi tube for the 
same conditions, and the pressure loss, as we have 
seen above, is considerably less. 

At first sight, the tube would appear to have 
immense advantages over the orifice plate. From 
a purely measurement point of view this is probably 
correct, but its use is only justified when the orifice 
plate cannot be used, e.g. where the orifice/pipe 
diameter ratio is in the region where the coefficients 
are uncertain, and where the pressure recovery is 
most important. Its cost compared with the 
orifice plate is extremely high, and the latter may 
be manufactured relatively quickly and easily in 
a normal workshop. Again, the dimensions of a 
Venturi can be very large. In a ro-in. diameter 
pipe, for a throat diameter of 7in., the overall 
length for a standard Venturi tube would be about 
7ft 6in. Compare this with an orifice plate of 
thickness j;in., which may even be installed 
on an existing plant by springing the pipe flanges 
apart a sufficient distance to allow for insertion. 
Careful consideration is always given to a flow 
measurement problem, therefore, before a Venturi 
tube is specified. 


Constructional Features 


To some extent, the construction of the Venturi- 
tube depends on the application. For normal uses, 
the sections would be of gun-metal, cast iron, or 
Meehanite, and smoothly machined liners of gun- 
metal or stainless steel inserted at the inlet and 
throat pressure tappings. The use of gun-metal or 
stainless steel reduces the risk of corrosion. To 
facilitate construction work a victaulic joint is 
sometimes inserted in the downstream cone. The 
extreme ends of the cast sections are flanged to 
mate with the pipe flanges, and with the adjacent 
section, and pressure tappings are arranged for 
screw-in or flanged connections depending upon the 
particular installation conditions. 

For high pressure hot water flow, as in boiler 
feed water in a power station, the design may be 
modified. A fabricated cylindrical casing is used, 
and a gun-metal lining is inserted. The lining is 


made in three sections: inlet cone, throat, and out- 
let cone, profiled as for a standard Venturi. This 
design is suitable for pressures up to r4oolb/in?. 
Another pattern has a maximum working pressure 
of 2000lb/in?. 

The Venturi tube possesses a big advantage over 
the orifice in that i.s section need not be circular. 
Square or rectangular shapes have been used for 
measuring large volumes of fluid flow. The non- 
circular section lends itself to constructional 
materials other than metal, and concrete has even 
been used for one or two very large flows. Note 
that the design renders the tube useful for fluids 
containirg suspended matter because of its 
gradual area changes. 


Formulae 

Equations (52), (53) and (54) are suitable for 
Venturi tube calculations, but the orifice diameter 
now becomes the throat diameter and m is the 
throat/pipe area ratio for determining E. 


Nozzles 

The nozzle falls between the Venturi tube and 
the orifice plate as a means of flow measurement. 
It approximates to a Venturi tube with the curved 
form of approach, giving a gradual change of 
sectional area and has the same order of discharge 
coefficient. But the absence of a downstream 
expansion cone brings the pressure loss into the 
same region as that for an orifice plate. It is 
cheaper than a Venturi tube, and at high velocity 
flows its use in place of an orifice plate may be 
necessary. It is perhaps unfortunate that there 
is some divergence on nozzle design. B.S. 1042 
specifies the I.S.A. nozzle and gives details of its 
design and coefficients. On the other hand, manu- 
facturers have their own models, for which the 
I.S.A. nozzle coefficients do not apply. Fig. 69 
indicates a nozzle with corner pressure tappings. 
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Fig. 69. A typical nozale unit 


A feature of the nozzle is that its graduated 
profile renders it useful where fluids with suspended 
matter are encountered. Again, as in the case of 
the Venturi tube, the nozzle possesses some advan- 
tages over the orifice plate, but its cost, whilst less 
than that of a Venturi, is still more than an orifice, 
so that its use requires consideration if cost is para- 
mount. 


Pitot Tube 


Let us study the effect of placing a blunt object 
in a fluid stream as an obstruction to the flow 
(Fig. 70). As the fluid approaches the object, the 
velocity will decrease until it reaches zero at the 
point where it impinges on it. From the previous, 
a deceleration should mean an increase in pressure. 


Fig. 70. 


The effect of imposing a blunt object in thé 
flow stream 


This would follow from Bernouilli’s Theorem. 
From equation (41) this is: 
fi , Mi be 

P + 2g 2g op | (2g 
If p, and v, are respectively pressure and velocity 
upstream from the object, and p, and v, the 
respective pressure and velocity in the neighbour- 
hood of the object, at the point of impact v, is 
zero. In other words, the kinetic energy has 
become converted to potential energy and the 
result is reflected in the value of ~, at the impact 
point. This now consists of the normal static 
pressure plus another pressure produced as a result 
of the energy conversion. There is another way 
of explaining the a operation. It will be 


Py Pav i 


noticed that —,—, +, + have the dimensions of a 


po 


length or a head. = pa : pa therefore, denoted 

; v3 
d— b 

an ae y 


by the term “pressure head’’ and = 
We can say that the 


the term “velocity head”’. 


v2 
velocity head ae has become converted to a pres- 


px 


sure head p° This will be additional to the normal 


pressure head £ and the sum of these two then 


Ps. 
gives us 7: 
ps , ps _ be 
ate ee eee eae 6 
pt pp : (04) 
If v, = 0 equation (63) can be written: 
1, Vi pe 
ak earn ee ee 6 
ptm p (65) 
Rewriting: ; ; 
i= 28 ( 2 3 ') 
v= / 28 (Ps — Pr) ...« (66) 


Fig. 72. 


We now replace the blunt object with a tube having 
a small opening facing the direction of fluid flow. 
Next consider that the tube is joined to one 
connection of a pressure measuring instrument of 
the diaphragm type suitable for measuring 
relatively small differential pressures (see Chapter 
1). There is no flow through the tube and the 
point of impact or zero velocity can be considered 
to be at the impact hole. This produces #, in 
equation (66), and if a static pressure tapping is 
taken upstream, a little way from the tube, this 
gives us #,. Both pressures are applied to the 
differential pressure instrument, and a means of 
measuring the velocity of the fluid is obtained 
since both g and p will be known. We have, then, 
the Pitot tube in its simplest form (Fig. 71). 


Fig. 71. Separate static and impact pressure tubes 

It is very convenient to be able to measure the 
static pressure in the close neighbourhood of the 
tube and standard Pitot tubes are specified in 
B.S. 1042, based on N.P.L. research work. Both 
designs consist basically of inner and outer tubes. 
The inner one leads from the impact hole to one 
connection of a differential measuring instrument. 
The outer tube, referred to, sometimes, as the static 
tube, has a series of holes bored into it so that its 
interior connects to the outside surface to be in 
contact with the static pressure. This tube is 
joined to the second connection of the measuring 
instrument (Fig. 72). 
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Standard pattern Pitot tubes 


The Pitot tube can only measure velocity at one 
position in the cross-section of a pipe. Now 
the velccity of a fluid in a pipe, taken across 


the section, is not uniform, varying from zero 
at the pipe surface to a maximum at some point 
(not necessarily the centre) along a diameter. To 
find the mean velocity it is necessary to make a 
traverse of the pipe with the tube, taking the 
differential pressure at certain specified positions 
(B.S. 1042). An ideal distribution curve is shown 
in Fig. 73. For Reynolds numbers above 100 000, 
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Fig. 73. An ideal traverse of a pipe 


the ratio of average velocity to velocity at the 
centre of the pipe is frequently specified as 0-82 or 
0°83. Whereas this value would apply for ideal 
cases for a curve of the type in Fig. 73, the actual 
curve may be different. The desirability of 
carrying out a traverse, therefore, is obvious. 
Once having determined the ratio value, the Pitot 
tube may be placed at the pipe centre and the 
instrument calibrated in terms of average velocity. 

Another theoretically possible means of deter- 
mining the average velocity is to select a position 
where the velocity corresponds to the average 
value. This has some practical drawbacks. The 
location may be near the wall of the pipe—a very 
approximate value being 0-25 of the radius in from 
the wall. It could be at a point where the velocity 
curve slope is fairly steep and any misplacement 
could lead to significant errors in velocity deter- 
mination. At the centre of the pipe, by com- 
parison, the curve is normally flatter and errors in 
location are not so serious. 
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Fig. 74. Double tip pattern Pitot tube 


37 


Formulae 


Equation (66) is not quite in a practical form. It 
is necessary to modify this by a velocity coefficient 
C in some types. For the B.S.-N.P.L. patterns, 
however, the value of C is taken as 1. Those for 
the single tube type may be lower depending on 
the design. 

A formula commonly used for calculation pur- 
poses is: 


Sh 
v = 18-2 a ee ee 
94/ D 

where v = the velocity of the fluid in ft/sec. 

h = the differential produced in inches of 

water at 60°F. 

p = the density of the fluid in lb/ft. 
Compressibility for industrial purposes does not 
introduce any serious errors by being neglected. 
Where extreme accuracy is required, however, the 
following basic tormula must be used: 

h = 0-00299vp(r + 0:2 X 10-8 v2). . (68) 
where h = the pressure differential produced in 
inches of water at 60°F. 

p = the fluid density in Ib/ft®. 

v = the velocity of the fluid in ft/sec. 


To compare the two formulae, let v rooft/ 
second, and p = 0-0764lb/ft®. From equation 
(67) h is 2-283, and from equation (68) h/ is 2-289. 
The difference is 0-006 or about 4 per cent. . 

Two other types of Pitot tube deserve mention. 
One is the double tip pattern shown in Fig. 74, 
in which there are two holes, one facing upstream 
and the other downstream, the former measuring 
the impact head and the latter the suction head. 
The differential pressure obtained is greater than 
with the standard types, but is not double the 
value. Actually, the increase is between 35 per 
cent and 4o per cent depending upon the position 
of the tube in the pipe. The other type is the 
Pitot-Venturi. It is a combination of two con- 
centric Venturi tubes, the outlet cone of the inner 
one terminating in the throat of the outer. The 
throat pressure of the inner tube and the impact 
pressure on an impact hole in the supporting tube 
give 7-10 times the differential produced with the 
normal types under the same conditions. 


“Yaw” 


It can be seen with all types of tubes there is a 
possibility of the axis of the head not being in 
alignment with the direction of flow, ‘Yaw’ 
having been said to have taken place. The effect 
on the standard B.S. patterns is very small for 
any normal misalignment. At about 20° yaw, the 
error in velocity determination reaches 2 per cent. 
For the double tip type the error is about 1 per cent 
for a 5° yaw. 


Advantages 


1. The pressure loss caused by the insertion of 
a Pitot tube in a pipe or duct is very small unless 
its dimensions are large compared with the pipe 
diameter. 

2. It is extremely useful for determining actual 
velocity profiles. 

3- Its cost is low compared with that of a 
nozzle or Venturi tube. It is also cheaper than an 


orifice, although this may depend upon the pipe 
diameter. 


Disadvantages 


1. The fluid must normally be moving at a 
relatively high velocity to produce a measurable 
differential pressure. About 5oft/sec of air 
produces a differential of Iin. w.g. and about 
5ft/sec of water produces toin. we. 
differential. 

2. The small openings may become blocked if 
used with a fluid carrying solid particles. 
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Fig. 75. Dall tube 


Dall Tube 

The principal features of the Dall tube are 
indicated in Fig. 75. It involves two truncated 
cones separated by a narrow throat. The throat 
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length is between 0:03d and o-1d where d is the 
throat diameter. The inlet cone has an included 
angle between 40° and 50°, the outlet cone between 
12° and 17°. The mouth diameter Dn, the inlet 
pipe diameter D and the throat diameter d are 
connected by the following relation 
Dmt—d! = k (D*—d!) - 

where k = 0°5 to 0°75. 

Observe the diameter of the inlet cone is less 
than that of the pipe, resulting in a sharp step. 
This creates an impact pressure which is additional 
to the static pressure existing at the step. The 
high or upstream pressure connection is made just 
in front of the step. The other connection is made 


_at the throat where the relatively abrupt change 


in area results in a marked static pressure depres- 
sion. The original patent specification No. 689,474 
claims a pressure loss expressed as 5% or 6% of 
the differential pressure. This compares with a loss 
of between 2 and 3 times this value with a normal 
Venturi tube. In addition, the Dall tube has the 
advantage of being considerably shorter than the 
normal Venturi. 


Other Flow Tube Elements 


Two other designs generally using truncated 
cones have been patented in this country. One is 


the Nathan tube patent No. 473,562 and the Bopp 


and Reuther tube, patent No. 764,889. A short 
description of these appears in an article by R. G. 
West in Instrument Practice, April, 1961, page 


444. 


British Standard Specifications 


B.S. 1042 Methods for the Measurement of Fluid 
Flow in Pipes 


Part 1 Orifice Plates, Nozzles and Venturi 
Tubes. 
Part 2 Pitot Tubes 


The original B.S. 1042 was published in 1943. 
There are many differences between the original 
version and Part 1 which appeared in 1964 and 
this part should be well studied in relation to 
this chapter. 


Chapter 5 


MEASURING INSTRUMENTS FOR DIFFERENTIAL PRESSURE FLOW DEVICES 


SQUARE LAW EFFECT 


The nature of the relation between rate of flow 
and differential pressure influences the design of 
measuring instruments for orifices, nozzles, Venturi 
and Dall tubes. 

Taking one of the flow equations (52), at maximum 
flow L,, 


L, = 359°:IC.Z.d2%EVRW  ..... (68) 
At any other flow L,, 

L, = 359°:IC.Z.d2EVAW  ..... (69) 
Dividing (69) by (68), 

I, [hy 

ae | Se . (70) 

[2 he 

on onpries (71) 

L? 
h, = ie Rha ca tate ite wept (72) 


Assign some figures to equations (68) and (69). 
If h, = 50in. of water for full range, 
and L, = 200 ooolb per hour, 
at half the maximum flow, 
L, = 100 ooolb per hour, 


but = Ay 


= (100 000) ° 50 


(200 000)? 
h = 12:5in. of water. 


The square root effect is now apparent since for half 
the maximum flow we have only one-quarter the maxi- 
mum differential. At still lower flows, e.g., } maximum, 
or 40 ooolb per hour, the differential is only 2in. 

Suppose we wish to use any of the normal differential 
pressure instruments. Here, the movement or deflection 
of the measuring element has a substantially linear 
relation to the applied differential pressure. If a normal 
linear magnifying mechanism is used, the pen or 
pointer movement will be directly proportional to the 
differential pressure. In other words, if 0, is the 
maximum pointer travel in degrees over an indicator 
scale, 8, at any other value is — 


Taking a typical circular indicator scale span as 
300° and keeping to the previous figures, 


&, = —.0 
2 Lt 1 
= (100 000) ” 300 
2 (200 000) 2 
8. = 75° 


The pointer, therefore, only moves a quarter of the 
way round the dial for half maximum flow value. 
Most companies introduce a square law compensating 
device into their flow indicating or recording meters. 
The methods of so doing are numerous, and only one 
or two typical types will be described here. 


METHODS OF SQUARE LAW CORRECTION 
WITH U-TUBE TYPE INSTRUMENTS 


Simple Glass U-Tube 


One method of obtaining a linear scale is actually a 
development of the inclined tube manometer shown in 
Fig. 5 of Chapter 1. The glass tube is curved to a 
parabolic law so that the rise of liquid in it bears a 
substantially linear relation to the rate of flow being 
measured. 

This instrument is suitable for low static pressures. 
For the higher values, a float operated pattern must 
be used. 


High Pressure U-Tubes 


Ledoux Bell Pattern 


In this method used by Bailey Meters & Controls Ltd., 
the basic U-tube equipment takes a special form. 
Generally, there is one chamber, as shown in Fig. 76, 
containing mercury. In this chamber is a hollow float 
of the shape indicated. The internal surface of the float 
is contoured to a given curve of the parabolic or 
square law family. The mercury rises or falls in the 
interior of the float as well as outside. The high 
pressure connection is taken to the inside of the float, 
and the low pressure to the outside. The application 
of the differential pressure tends to cause the float to 
rise in the mercury because of the higher internal 
pressure. At the same time, however, mercury is 
driven out of the interior of the float to the outside 
because of this higher internal pressure, raising the 
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Fig. 76. Basic elements of the Ledoux bell pattern 
flowmeter 


level there. This causes the float to rise to a higher 
level before equilibrium between the effective weight 
or buoyancy of the bell and the differential pressure 
takes place. The float travel will obviously depend on 
the amount of mercury leaving the interior of the float 
and entering the outside, and this again depends on the 
contour of the inside of the float. If this is shaped as 
already indicated to a generally parabolic curve, the 
float travel can be made to be substantially linear for 
all parts of the instrument range. 

It may be of interest to note that this type of flow- 
meter can be used to a maximum of 6ooolb/in? static 
pressure with a maximum differential pressure of 
120in. of water (approximately 44lb/in2). At lower 
static pressures, eg., 2500lb/in? the maximum 
differential is 331in. of water (approximately 124]b/in2). 
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Fig. 77. Bastc elements of the dtsplacer pattern flowmeter 


An alternative design of the same company used for 
lower static pressures and differential pressures is 
shown in Fig. 77. This involves a parabolic displacer. 
The displacer is immersed in mercury, being suspended 
from a bell which has a mercury seal. The upstream 


or higher pressure is applied to the inside of the 
bell, and the lower pressure to the outside. An increase 
in differential pressure results in an upward movement 
of the displacer and bell, but, owing to the change of 
buoyancy of the shaped displacer as it rises and falls, 
this movement is directly proportional to the flow rate. 


Shaped Chamber 


The design of Fig. 78 has been used to provide 
square law correction, particularly by Foxboro- 
Yoxall Ltd. It comprises a parabolic shaped chamber 
and a cylindrical one. The rise and fall of mercury and, 
hence, the movement of the float in the cylindrical 
chamber is substantially linear to the rate of flow. The 
theory of this design is not a simple one, and a full 
treatment will be found in Chapter 3 of reference 1. 
Broadly, the following relation holds: 


Aa —“4_ 
C 
2—/h— 
i 
where A = the area of the shaped chamber at 
differential pressure h 


A, = the area of the cylindrical chamber 
C and K = constants. 
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Fig. 78. Basic elements of the shaped chamber flowmeter 


Electrical U-Tube Flowmeters 


The electrical U-tube flowmeter of Electroflo Meters 
Co. Ltd. follows the general lines of Fig. 46 of Chapter 3. 
Again we have the limb in which is inserted a unit 
consisting of a large number (about 100) of vertical 
conducting rods arranged in spiral formation. These 
are connected to resistance elements in the head of the 
unit, in such a manner that they virtually form 
tappings from a continuous resistance. The rod 
lengths are graduated so that mercury rising or falling 
in the chamber, with changing flow, makes or breaks 
contact with one rod after the other. If a circuit 
connection is made via the mercury, and another 
through the resistance assembly in the head, the 
action of the mercury can be made to vary the amount 
of resistance in circuit. But now, in contrast to the 
linear arrangement for liquid level measurement, 
if the contour of the contacting ends of the rods is 
arranged according to a parabolic law, a means of 
correcting the square law effect is obtained. 

If Q be the rate of flow, and (p,—p,) the pressure 


differential produced across the orifice, etc., »/p,— pe 
is proportional to Q, 


1.6. 4/Pyp— Pe RO we eo bee (75) 
If h is the difference in levels of the mercury in the 
U-tube, h is proportional to (b,— p,), so that 


Vh = heQ 


The conductance K, defined as = where R is the cir- 


cuit resistance, is made proportional to »/y% by the 
parabolic contour of the rods. 


Hence Vh = kK Kea ore ene ie (77) 
From equations (76) and (77), therefore, 
kek SRO | hie eho Seley (78) 


i.e., the conductance varies directly as the flow rate. 

The flow meters used in this scheme are electrical 
instruments with scales calibrated directly in flow 
units. It is necessary, of course, to ensure that varia- 
tions in circuit supply voltage do not cause changes in 
instrument readings. Each indicator or recorder is of 
a special moving iron type with two operating coils. 
One coil is connected directly to the voltage supply and 
forms a voltage coil. The other is in series with the 
resistance unit and acts as a current coil (see Fig. 90). 
Any change in supply volts affects the current in both 
coils to the same degree, and since the instrument 
deflection is dependent on the ratio of these two 
currents, this ratio remains unaltered over a wide 
range of supply voltage variation. No errors occur, 
therefore, in the meter readings. 

The space above the mercury is filled with oil in 
both limbs. This results in the whole resistance unit 
being oil enclosed and thus protected from the metered 
fluids. 


Methods of Square Law Compensation with 
Ring Type Balances 


The ring balance, as a differential pressure instru- 
ment, has an application as a flow meter for gas flow 
measurement. In so using it, there are various methods 
of square law compensation. Three typical ones 
follow. 

Electroflo Meters Co. Ltd. suspend from one side of 
the ring one of their resistance units. As the ring 
rotates, the unit rises and falls in a mercury chamber, 
the action altering the circuit resistance or conductance 
as in their normal flow meter. By suitably contouring 
the contact ends of the rods, linear scales may again 
be obtained on the recording or indicating instruments. 

Bailey Meters & Controls Ltd. utilize a special 
shaped displacer moving up and down in a cylindrical 
mercury chamber. Here the rotating force due to the 
differential is balanced by the buoyant force due to the 
displacer in the mercury. In addition, a shaped cam 
on the perimeter of the ring operates a follower on the 
pen arm assembly. By so contouring the cam, the 
combination of this and the displacer may be made to 
give a straight line scale. 

In the George Kent version of the ring balance, the 
restoring weight M is suspended over a shaped cam 
surface. 

Provided the angle of rotation is relatively small, 
e.g., less than 30°, the introduction of the cam results 
in a linear flow rate scale. 


POINTS REGARDING THE INSTALLATION 
OF MEASURING INSTRUMENTS 


For satisfactory measurement certain precautions 
must be taken in the installation of measuring instru- 
ments for differential pressure flow devices. The 
general aim must be to avoid conditions which would 
set up false differential pressures. Except in the case 
where sealing chambers are used, the fluid in the 
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Fig. 79. Measuring instrument mounted below flow 
element (liquids and steam) 


connecting pipes between the orifice etc. and the 
measuring instrument must be homogenous and any 
unwanted gas, liquid or solid, as the case may be, must 
be removed from the system by air vents, moisture 
sumps or similar devices. The two pipes involved must 
be at the same temperature, and it may be necessary 
to resort to lagging to avoid influences of external 
radiation and cooling. 

It should be noted, in addition, that the conditions 
of Fig. 24 of Chapter I apply to U-tube pattern instru- 
ments when used with flow devices. As indicated in 
Fig. 79 in whatever manner the pipes are run there 
will always be a vertical head of liquid—above the 
instrument zero to influence the measurement. Formu- 
lae (26) and (29) of Chapter I apply. Similar formulae 
are involved when the instrument is mounted above the 
differential pressure device. 

When metering liquids and steam, air and gas locks 
must not be formed, and when metering air and gases, 
water or liquid locks must be avoided. This normally 
means that piping must be run at a minimum slope 
and may have to include certain other arrangements. 
A brief description of normal practice follows. 


Fig. 80. Measuring instrument mounted above flow 
element (liquids and steam) 


FLOW REGISTERING 
INSTRUMENT 
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Liquids 

The measuring instrument should preferably be 
below the flow detecting element, and the pipes should 
fall gradually to the instrument at a slope of not less 
than 1 in 20 (Fig. 79). 

When the horizontal distance between the flow 
element and measuring instrument precludes this 
minimum slope, or where existing work obstructs this 
pipe run, the pipes should fall to a point below the 
instrument, and then rise up ‘o it (Fig. 79, dotted). 

When the measuring element is situated above the 
flow element, the pipes should dip down from the 
element and then rise gradually to the instrument at a 
slope of not less than I in 20 (Fig. 80). When the 
horizontal distance between the flow element and 
measuring instrument precludes this minimum slope, 
or where existing work obstructs the pressure trans- 
mission pipe run, these should be run to a point above 
the instrument and then fall to it, air collecting vessels 
with release valves being fitted at the highest point 
(Fig. 81). 
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Fig. 81. Measuring instrument mounted above flow 
element. Piping slope less than 1 in 20 (liquids and steam) 


Air and Gases 


The measuring instrument is preferably mounted 
above the flow element, and the pipes should rise 
gradually to the instrument at a slope of not less than 
I in 20. When the horizontal distance between the 
two elements precludes this minimum slope, or existing 
work obstructs the pipe run, the pipes should be run to 
a point above the instrument and then fall to it (Fig. 82). 

If the instrument is mounted below the flow element, 
the pipes should first rise and then fall gradually to the 
instrument at a slope of not less than I in 20. When the 
horizontal distance between the two elements precludes 
this minimum slope, or where existing work obstructs 
this pipe run, the pipes should fall to a point below the 
instrument and then rise to it, moisture sumps with 
drain valves being fitted at the lowest points (Fig. 83) 


Steam 

The pipe runs are the same as for liquid meters. 
Condensation or cooling chambers should be as close 
to the primary element as possible. When the main is 
vertical, or inclined at an angle to the horizontal, both 
cooling chambers must be fixed at the same level, e.g., 


if the flow is vertically downwards the lower pressure | 


cooling chamber is brought up to the level of the 
higher pressure vessel. A large-bore pressure trans- 
mission pipe must be used for this purpose, and it must 


Totes. 
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Fig. 82. Measuring instrument mounted above flow 
element (air and gases) 
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Fig. 83. Measuring instrument mounted below flow 
element (air and gases) 
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Fig. 84. Non-horizontal flow for steam. Condensation 
chambers 
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SEALING LIQUID 
Fig. 85. Seals. Sealing liquid lighter than metered liquid 


be lagged (preferably to the main) (Fig. 84). By this 
means, false differential pressures, due to the difference 
in density of the fluid in the main and the fluid in the 
cooling chambers and pressure transmission pipes, are 
avoided. Both pressure transmission pipes should be 
run adjacent to each other so that they are subjected to 
the same radiation losses. 


Sealing Chambers 


With this system for use with corrosive fluids the 
measuring instrument is isolated from the differential 
pressure element by a liquid which is not attacked by 
the metered fluid and which, in its turn, will not attack 
any part of the metering system. Oil is frequently used 


Fig. 86. Seals. Sealing liquid heavier than metered liquid 
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for this purpose. A chamber of the appropriate volume 
must be mounted immediately adjacent to each pressure 
tapping on the differential pressure element. An 
equalizing valve should be fitted between the two 
chambers. The chambers are sometimes fitted with 
gauge glasses, which facilitate filling the system and 
inspection. Alternatively, an overflow plug or cock may 
be fitted. 

Fig. 85 illustrates the arrangement when the metered 
fluid is lighter than the sealing liquid, and Fig. 86 the 
reverse. 

When a sealing liquid is used, it is not possible to vent 
the metering system extraneous to the detecting 
element. 

The use of these chambers may require the introduc- 


’ tion of a correction factor to the measurement. 
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INTEGRATION FROM 
DIFFERENTIAL PRESSURE INSTRUMENTS 


So far in describing the measurement of such physical 
factors as pressure, liquid level and fluid flow, indication 
or recording of the particular factor has been considered. 
With flow, however, a need for another type of measure- 
ment arises. In many plants, fluid is continuously 
flowing through pipes and it is essential to keep a 
check on the otal quantity passing in a given period, 
e.g., an hour or a day. A particular example is the flow 
of feed water to a boiler, and the flow of generated 
steam away from the boiler to the turbines, in a power 
station. The knowledge of these values over a day is 
useful in assessing the performance of the steam 
generating plant. The instruments performing the 
totalizing operation are known as integrators. They are 
mainly either mechanical or electrical but electronic 
versions are available. Typical examples only of these 
classes will be dealt with. 


Integrators 
Planimeters 


The planimeter enables the integration or totalizing 
to be carried out away from the flow meter, if the flow 
has been recorded. The instrument is very familiar, 
but a brief recapitulation of it is given here. Basically, 
it consists of two arms pivoted on each other by means 
of a bearing. In one arm is contained a record wheel 
and indicating pointer, and, at the extreme end, a 
tracing point. At the end of the other arm is a similar 
point termed the pole. In applying the planimeter to 
flow integration, the pole would be placed at the centre 
of the chart, and the tracing point made to follow the 
ink record. In so doing, the recording wheel makes 
contact with the chart, and rotates, the rotation over 
the whole ink record being a measure of the total flow 
over the period for which the flow meter was recording. 
Special versions exist for dealing with square law 
charts. 

The method has some disadvantages, chief amongst 
which is that the integration cannot be carried out until 
the chart is removed from the instrument, 1.e., the total 
flow cannot be seen at a glance at any time during the 
day; the accuracy of the operation depends to some 
extent on the skill of the planimeter operator; and the 
method involves a recording when possibly only integra- 
tion is desired. An integrator directly linked to the flow 
measuring instrument is employed in the majority of 
applications. 


Mechanical Integrators 


The problem resolves itself into the addition of 
varying flow rates over varying time intervals. For 
example, if steam flows at the rate of 5000lb/min for 
five minutes, at 6000lb/min for 20 minutes, and at 
4500lb/min for 35 minutes, at the end of an hour the 
integrator must show a total of 302 500lb of steam. 

In other words, the product of the flow rate Q and 
time ¢ must be continuously integrated or summated. 

Note that the problem of the square law relation 
between differential pressure and flow rate arises 
again. 

For example, in uncorrected instruments of the 
U-tube type the float movement will be proportional 
to the differential pressure and hence proportional to 
Q*. Ifa direct link is made between the float and the 
counter the latter will integrate Q? and not Q. Some 
correcting device must, therefore, be interposed in 
such cases between float and integrator. Typical 
methods have been discussed under Square Law Cor- 
rection. 

The counting part of the integrator is invariably 
a mechanism of the mechanical digital or counter 
pattern, although other digital methods are possible. 
The methods of operating the counter from the basic 
unit are worthy of attention. With this type of device, 
two possible ways of operation exist. The counter shaft 
may be driven at varying rates of revolution propor- 
tional to the flow rates, or it can be driven at constant 
speed but operated for varying periods according to the 
flow rate. For example, the shaft would be at rest for 
zero flow, continuously rotating for maximum flow, and 
operated and at rest for equal periods with 50 per cent 
flow. Below 50 per cent the operated period would be 
less than the non-operated in proportion to the flow, 
and above 50 per cent the operated period would 
exceed the non-operated, again in proportion to the 
flow. Both types of mechanism are used in practice. 
Only one example of each will be described. 


Continuously Operated Mechanical Integrators 


If a disc is rotated at constant speed, the linear 
velocity of a point on a radius increases in direct 
proportion as one proceeds from the centre of the disc 
to the circumference. A small wheel placed in contact 
with the disc, its plane at right angles to the latter, 
will be rotated at rates of revolution proportional to 
its movement along a radius, assuming no slip. Now 
suppose the radial movement of the wheel is made 


Fig. 87. Planimeter wheel for disc pattern integrator 
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Fig. 88. Simplified diagram of disc pattern integrator 


directly proportional to the rate of flow, by trans- 
mitting its revolutions to a counter a form of integrator 
is to hand. 

A simplified version of an industrial design is shown 
in Fig. 87. The small wheel is here termed a planimeter 
wheel. It will be seen that this wheel is fitted with a 
number of serrated wheels round its circumference 
which are free to rotate in a plane at right angles to 
the plane of rotation of the planimeter wheel. 

The flowmeter mechanism rotates a cam, such that the 
angular displacement of this is proportional to the 
differential head. In contact with the edge of the cam 
is a roller mounted on a pivoted arm which, as it 
deflects, causes the planimeter wheel to rotate about 
its point of contact with the clock-driven disc. Fig. 88 
illustrates the operation of a disc pattern integrator. 
Denoting the tangential velocity of the disc at its point 
of contact with the planimeter wheel by V and the 
angular displacement of the plane in which the plani- 
meter wheel rotates from a plane passing through both 
the centre of rotation of the disc and the point of 
contact between it and the planimeter wheel by 9, 
then v = V sin 0, where v is the tangential velocity of 
the planimeter wheel. Since the value of V is constant, 
v is directly proportional to sin 8. By cutting the cam 
to a profile which results in sin 8 beirg directly pro- 
portional to the square root of the differential head, 
the value of v is made directly proportional to the rate 
of flow. 

Through a train of gears, the revolutions of the 
planimeter wheel are transmitted to the dials of the 
counter, and these dials register the total quantity 
passed, in any desired units. 


Intermittently Operated Mechanical Integrators 


We have seen how the contoured float of Bailey 
Meters & Controls’ flow meter positions a pen arm giving 
a linear flow rate-movement relation. On the pen 
assembly is now pivoted an additional member termed 
the roller arm, because at the extreme right-hand end 
is a roller which acts as a follower to a heart shaped 
cam (Fig. 89). The cam is driven by a synchronous 
motor at two revolutions per minute, and the roller is 
kept in continuous contact by the weighted opposite 
end of the arm. The roller arm carries a pin which 
engages with a pawl. The pawl, in turn, mates with a 
toothed escape wheel driven by means of a friction 
clutch from the heart shaped cam. The escape wheel 
is geared to the counter. As long, therefore, as the 
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Fig. 89. Operation of intermittent escapement pattern integrator 


wheel is rotating the counter is operated, and when the 
wheel is not rotating, the counter is at rest. At zero 
flow, the counter will not be operated, and at maximum 
flow it will be continuously operated. With inter- 
mediate flows, the periods of operation and non- 
operation must be adjusted p-oportionately. The 
method of doing this is as follows: 

The pawl is normally pivoted so that it falls towards 
and engages the escape wheel. The roller is raised and 
lowered by the cam as it rotates, but at zero flow the 


pin on the arm never makes contact with the pawl, due 
to the position of the arm pivot. The pawl, therefore, 
is continuously engaged with the wheel and prevents 
its rotation by means of the slipping clutch (Positions 
1 and 2). At maximum flow, on the other hand, the 
pivot position of the arm is at the opposite end of its 
arc, and although the pin now engages the pawl and 
moves it to and fro during the raising and lowering of | 
the arm by the cam, it never allows the pawl to engage 
the escape wheel. The result is that the latter is 


rotated continuously by the friction clutch from the 
cam and, hence, the counter is in continuous operation 
(Positiuns 5 and 6). Now what happens at an inter- 
mediate flow? Let us consider a value of 50 per cent 
maximum. The arm pivot is at the half-way position 
in the arc, and during one half revolution of the cam 
the pin engages the pawl, allowing the escape wheel to 
rotate freely (Position 3). During the other half 
revolution, however, the pin does not engage the pawl, 
so that the latter falls towards the wheel and prevents 
it rotating (Position 4). Thus, the counter will be 
operated one half the period it was at maximum flow, 
giving an equivalent integration. At any other flow, 
it can be seen that the positioning of the pivot of the 
roller arm will lead to proportionate on and off engage- 
ments of the pawl with the wheel, and consequently, 
proportionate operation of the counter. 

Integration is carried out at the rate of four times 
per minute. 


Electrical Integrators 


The normal a.c. electrical watt hour or kilowatt hour 
meter, such as is installed in the average home using 
electricity, suggests a means for a continuous electrical 
flow integrator. 

The instrument possesses two operating coils or 
magnets, one connected to the circuit voltage and the 
other carrying the circuit current. If a metal disc is 
placed in a given manner in the field of these two coils, 
eddy currents are induced, and the inter-action of the 
fluxes due to the two coils and the eddy currents 
produces a driving torque Tp which rotates the 
disc. 

Tp is given by, | 

Tp «a V.I.cos } ; ; : i . (80) 
where V = the circuit voltage 
I = the circuit current 
d = the phase angle between V and I. 

Also equipped on the meter is a permanent magnet 
between whose poles the disc rotates. This magnet 
produces a braking or retarding torque Tg which is 
proportional to the rate of revolution N of the disc. 

TgRpaN , : : . (81) 

When T p = Tz a Steady rate of revolution is produced 
and 

NaV.I. cos A. . (82) 


Over a period of time #, to f,, 


ds te 
N. dta| VJI.cos¢.dt . . (83) 
ty ty 
If the value of the current J is now made directly 
proportional to Q the flow rate 
I=kQ i ; : . (84) 
where k = a constant. 
Hence, 


te ‘A 
N. dt a | V.k.Q.cosg.dt . (85) 
ty ty 
Gearing the disc, therefore, to a normal type of 
counter will give us a means of continuous electrical 
flow integration, since N will be a direct measurement 
of Q. It will be apparent, however, that the effect of 
variations in circuit voltage V and the supply frequency 
must be reduced to a minimum, otherwise errors will 
be introduced into the measurement. 
In this pattern of electrical integrator it is arranged 
that the potential or voltage magnet is made to govern 
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Fig. 90. Electrical watt-hour pattern integrator 


both the driving torque Tp and the braking or retarding 
torque TB, so that a voltage change has the same 
effect on each. For frequency compensation, a simple 
network is incorporated in the integrator. 

Fig. go indicates in a simple fashion the operation 
of the integrator. 


Electronic Integrators 


A type of electronic integrator will be described in 
Chapter 7 in the section on turbine pattern flowmeters. 


VARIABLE AREA METERS 


Let us revert to one of the fundamental equations 
for a turbulent fluid flow through an orifice. 
Here: 


Q = C.E.A, gf als . 4. (86) 
1 


where Q = the rate of fluid flow 

C = the discharge coefficient 

E = the velocity of approach factor 
A, = the orifice area 

g = the gravitational acceleration 
pa =the pressure differential 
orifice (pb, — p) 

P,= the fluid density. 

We have proceeded, hitherto, on the basis that the 
orifice area A, is fixed, and the pressure differential pg 
varies with the flow rate Q. Equation (86), however, 
suggests a possible alternative by keeping the fg 
constant and adjusting the orifice area A, in proportion 
toQ. Equation (86), again, lays no restriction as 
regards the shape of the orifice. For example, we could 
have an annular pattern formed by the space between 
a solid disc and the inside of a pipe. Equation (86) 
would still apply, the values of C and E, of course, 
being different from the concentric orifice case. Develop- 
ing the idea still further, consider a vertical tube of 
conical shape, the area gradually expanding from the 
bottom to the top. In the tube is a fluid flowing in 
an upward direction, and in it is placed a disc, free to 
move, so that it acts as a sort of float in the fluid. An 
orifice is set up between the disc and the inside surface 
of the tube, and a pressure drop exists across it. 
Certain forces act on the disc and these are in equili- 
brium when it is at rest. A change in flow will 
affect the pressure drop, altering the relation 
between inlet and outlet pressure thus upsetting the 
equilibrium of the forces acting on the disc. The disc 
will then move up or down the tube adjusting the area 
of the orifice (due to the conical shape of the tube) 
until the pressure drop is at the original value, when the 


across. the 


forces are again in equilibrium. The position of the 
float in the tube is then a measure of the rate of flow. 
An elementary theory of the variable area meter 
follows. It should be understood that this is for 
explanation purposes only, as a very simple equation 
expressing the operation of the meter is not possible. 
What are the forces acting on the float in the vertical 
column of liquid? They are: 


(t) The effective weight X of the float in a down- 
wards direction. 
X = V5(p, — Ps) (87) 
where V+ = the float volume 
Pa = the float material density 
p, = the fluid density. 


(2) The total pressure, Y, acting in a downwards 

direction on the upper surface of the float 

Y = py.Ay ; (88) 

where ~, = the pressure per unit area on the 
upper surface A, of the float 


(3) The total pressure, Z, acting upwards on the 
lower surface of the float 
(89) 


Z = py.A Sf ° . 
Viscous effects are neglected for the time being. 


For equilibrium, the upwards acting forces must 
balance those acting downwards, and 


Z=X+Y 3 ‘ (90) 


prAs = Vy(P2 — Ps) + oA (93) 
Imagine that the flow increases, and that the float 
does not move immediately. An increased differential 
(p; — ps) results, and the ratio of ,/p, is increased. 
This means that the force #,.4y is now greater than 
V (Po — Pr) + p2-Ayz. Since the float is free, however, 
it will be moved in the direction that ~,.Ay is acting, 
i.e. upwards. As it moves upwards it increases the 
orifice area due to the expanding sectional area of the 
tube, and the pressure differential falls proportionately. 
The operation continues until (f, — ,) reaches its 
original value, when the forces, as indicated in equation 
(go), are in equilibrium again. The new float position 
must now be a measure of the increased flow value. 
The operation is reversed on a decrease in rate of flow 
occurring. 


From (91) 
Ve 
(f: — po) = Ay (Ps Py) (92) 
Substituting in (86) 
V = 
CEA, /2 (a) 
If the tube is a conical one, 
6 
D, = D, + 2x tan> ; ° - (94) 


where D, = the tube diameter at a distance x from 
the inlet of the tube 
D,; = the inlet diameter 
x = distance or height of float from inlet 
6 = the cone angle. 


Letting Dy; the float diameter equal D;,, and neglect- 


ing values x? tan" as a first approximation, 


V = 
Q= K.C.E.x of 78. 7 fa — Pr) - (95) 


Pi 
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Fig. 91. Diagram of glass body variable area meter 


where K is a dimensional constant involving D;, tan 


) 
3 ete. The velocity of approach factor E is without 
significance, so that (95) can be reduced to 


Q=KCx of V's( Pa — P) 


ag.-£( Pe — Pi 6) 
g 0 gears (9 


If it is desired to measure weight flow (e.g. lb/hour) 
instead of volume flow, since W = Qp,, 


V \ 
W= Kcx, / 2g a, (2 — pP;)P1 - (97) 


These two equations are produced for a particular 
purpose. 


Density Variation and Compensation 


The density of a fluid can vary, e.g. with temperature 
changes, and errors will be introduced into the flow 
measurement. The force X will be affected since 

: X = V4(p, — pr) . : - (98) 
This means that the equilibrium of the float will be 
upset, and it will change to a new position corresponding 
to the new value of X. Errors will thus be introduced 
into the flow measurement. We require, therefore, that 
the change of rate of flow with density be zero. 
Expressed mathematically, 


(99) 


Differentiating (96) with respect to p,, and equating 
the result to zero, produces the condition that for 
complete density change immunity, p, must be 
infinite. Practically, of course, this cannot be achieved, 
but the density of the float may be made very large, 
i.e. many times that of the fluid. This results in 
reducing the density errors to reasonable proportions. 


Differentiating (97) with respect to p,, and equating 
result to zero, produces the following condition: 

Po = 2p; ‘ ; . (100) 
For liquids, this condition may be achieved practically 
by making the body of the float either hollow or of 
solid plastic material. 1o per cent density variations 
from a mean value do not introduce any significant 
errors into the flow measurement. 

Fig. 96 shows the essential features of a glass tube 
variable area flow meter with a normal float. 

The establishment of two different density com- 
pensation conditions may seem a little surprising at 
first, but it will be apparent that the fluid density, 
py enters into flow measurement in a different manner 
for volumetric and weight scales, if equations (96) and 
(97) are examined. p, appears as a divisor in (96) and 
as a multiplier in (97). It follows, therefore, that the 
conditions of compensation will be unlike for the two 
cases. 


Viscous Flow 


At low flow rates, laminar or viscous flow conditions 
may exist. The force of viscous drag must now be 
taken into account since this is a function of length L; 
along the direction of the flow and viscosity 7 of the 
fluid. Highly complex theoretical equations have been 
worked out to explain the action under conditions of 
viscous flow. (See for example ref (1)). 


For reference purposes these are given below: 
V 4-8-(P2 — Pr) (Di — Dy)? (Dt + Dy) 


= 24(D,? + Dy?)L yn — 
or 7 
w V8: PalP2 — PDs — Dp)(Di + Dy) (6) 


24(D,* + Dy?)L yn 

From an examination of either equation the flow 
is now dependent on the value of n the viscosity of 
the fluid under measurement in addition to the density 
P,. We have seen how to compensate for density 
variation, and it now becomes equally important to 
render the instrument immune from viscosity changes. 
In short, we must reduce the effect of viscous drag 
force D to a minimum. Since this is dependent on the 
effective length Ly of the float, the reduction of this 
length should result in a lessening of the viscosity effect. 
Practically, therefore, the floats take the form shown 
in Fig. 92 or Fig. 93. The effective orifice part of the 
float has been reduced to a sharp edged disc, i.e. with 
the minimum length along the direction of flow. In 
yet a third design of float, the “body” is removed to a 
position above the float out of main flow stream, a thin 
conical shell acting as the float itself. 


Dimensional Analysis 

Due to the somewhat complex nature of the variable 
area meter, it has been found more satisfactory to 
adopt the method of dimensional analysis in assessing 
VX ‘Piand Q-P1 
Dyn 

may be determined from experiments for various 
values of D,/D,. Plotting one against the other, the 
resulting curves provide more accurate information 
than the formulae based on theoretical reasoning such 
as (96), (97), (ror), cr (102) above. The steps heading 
to the adoption of such parameters are beyond the 
scope of this course, but may be obtained from ref (1). 


its operation. Certain functions such as 


Types of Variable Area Meters 
Three typical types are described below. 


Glass Type 


The basic feature of this type of meter is the conical 
section glass tube. For accuracy, the diameter of this 


- must be maintained at very close limits. Clear boro- 


silicate glass is used which is highly resistant to thermal 
shock and chemical action, and the method of its 
manufacture enables tolerances of 1/10000 of an 
inch to be observed. The use cf glass introduces the 
question of a safe working pressure for the fluid being 
measured. At present this is about 5oolb/in? and 
applies to the smaller diameter tubes. For larger sizes 
the safe working pressure falls from this figure. (The 
normal diameters range from 2mm to 60mm depending 
on the flow to be measured.) The tube is normally 
clamped in a metal frame, the inlet and outlet being 
sealed into connections as required, e.g. flanged or 
screwed. Where danger may occur from flying glass 
resulting from a fracture of the tube, ‘“‘Armour Plate” 
glass protection windows encase the instrument. 

The standard float shape is indicated in Fig. 91, and 
is perfectly free. Viscosity immune floats, however, 
may demand a guide, as the float disturbs the equili- 
brium of the liquid. In one pattern, the guide is a 
central rod around which the float is made to rotate, so 
that visual evidence that the float is moving freely is 
obtained. 

The glass tube type measures from 2cc/min up to 
3000 litres/min of gas, and o-5cc to 225 litres/min of 
liquid. 

The pressure drop will depend on the type of float 
being used and the nature of the fluid, but varies 
between about 0-2cm (0-078in.) w.g. for small gas flows 
and 3°5cm (1-38in.) w.g. for liquid flows. 


Metal Tube Types 


For larger flows than the glass type tubes can 
accommodate, aconical metal tube pattern is introduced. 
Here, the metal body is of gunmetal, cast iron or 
stainless steel with a stainless steel float. The latter is 
carried on a rod which moves between two guides, one 
at the lower end and the other at the upper end of the 
tube. The guide rod passes through the upper part of 
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the tube into a compartment with a giass scale, the end 
of the rod acting as an indicator (Fig. 92). This type 
of meter has typically ranges from 250 to 120 000 litres/ 
min of gas flow and 20 to 7000 litres/min of liquid. 
The maximum fluid working pressure is 500lb/in?. 
When used with opaque liquids, a compressed air 
supply may be connected to the top of the scale unit 
and the level of liquid depressed, so that a clear view 
of the indicator is obtained. Opaque liquids may also 
be metered by the high pressure version. 


Meters for High Working Pressures 


Where working pressures higher than 5o00lb/in2 
are encountered it is desirable to use a totally enclosed 
metal tube type of instrument with a magneticcoupling. 
In the float is embodied a magnet, and as this moves 
up and down it causes a follower magnet outside the 
metering tube to move with it. The follower magnet 
is fixed on to a pivoted pointer assembly, and the 
pointer is caused to travel over a vertical scale (Fig. 93). 
The metering tube is made of stainless steel, as is the 
float, and is usually enclosed in a gunmetal casing. 
This type of meter is suitable for working pressures up 
to 5000lb/in ?. 

Typical flow ranges are from 30 to 120 000 litres/ 
min of gas and 0-75 to 7000 litres/min of liquid. 

There is an electronic version of the magnetic type 
developed by Rotameter Manufacturing Co. Ltd. in 
which the follower is linked to a co-axial electronic 
repeater. This delivers a signal of o-30mA linearly 
related to the flow rate. 


Plug Type Area Meter 


Another form of area meter is the loaded plug type. 
This area meter is designed for incorporation in a 
pipeline and comprises a flanged body casting through 
which the liquid being metered passes. The flow of 
liquid through the body vertically displaces a metering 
plug, which can be either spring or weight loaded 
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Fig. 93. Magnetically coupled variable area meter 
(Rotameter Manufacturing Co. Lid.) 


according to the nature of the liquid. The metering 
plug and port assembly is designed to constitute an 
orifice in the liquid channel whose area varies with the 
rate of flow in such a manner that a constant pressure 
drop is maintained. The position of the metering plug 
is directly proportional to the rate of flow. A differen- 
tial transformer is employed to produce an electrical 
signal proportional to the displacement of the plug 
and to operate a recording or indicating device remotely 
situated. 

Alternatively the plug movement may be coupled 
to a nozzle and flapper unit to give a pneumatic signal 
in linear relation to the flow rate. 

In one typical pattern the maximum operating 
pressure is 60olb/in? and various ranges of liquid 
between o and 42 750lb/hr may be obtained using 
the appropriate weight or spring loaded model. 


Books for further reading 


LINFORD, A. Flow Measurement and Meters. Chapter 3. 
FE. & F. Spon, 1961. 


Jongs, E. B. Instrument Technology. Vol. 1, Chapter 
3. Butterworths, 1953. 


EcKMAN, D. P. Industrial Instrumentation. 
Chapter 10. Chapman and Hall, 1950. 


Houizpock, W. G. Instruments for Measurement and 
Control. Chapter 4. Chapman and Hall, 1955. 


MILLER, J. T. (Ed.) Instrument Manual, Section VI. 
United Trade Press, 1960. 


Questions 


1. In an emergency an industrial U-tube possessing 
a linear relation between float movement and pen 
movement is used with an orifice to determine the 
rateofflowinapipe. If the range is 0-100 ooolb/hr, 
calculate the errors at 70000lb/hr and 50 ooolb/hr. 


(Answer 21 ooolb/hr and 25 ooolb/hr.) 


2. As this chapter has indicated, a flow measuring 
instrument may be mounted above or below the 
orifice, nozzle or Venturi tube. Deduce the 
relation between differential pressure and dis- 
placement of liquid in a U-tube mounted above the 
orifice. Use the nomenclature of Fig. 24, Chapter 1. 


(Answer p, —p; = /m (p1 —Pfz)) 


3. In a variable area meter the ratio of maximum 
flow to minimum flow on the scale is 10/1. If the 
ratio of the tube diameter to float diameter is 1-02 
at minimum flow, what is it at maximum flow? 
Take orifice area as directly proportional to the 
flow rate. 


(Answer 1-185/T.) 


4. With the same ratios as in Question (1), what are 
the maximum and minimum orifice areas using a 
tin. diameter float? 


(Answer 0-0316in? and 0-316in?.) 


5. Using equation (91), if the float diameter is rin., 
py = 2-olb/in®, p, = 1-g5lb/in?, p, = 488lb/ft?, 
Pp, = 62-4lb/ft®, what is the float volume? 
(Answer 0-16in?.) 


Chapter 6 


FLOW MEASUREMENT IN OPEN CHANNELS 


INTRODUCTION 


bo certain industries and municipal undertakings, 
the rate of flow of liquids in open channels is 
important. In so far as this chapter is concerned 
“open”? means open to the atmosphere. In general, 
the devices used for measurement purposes fall into 
two classes: weirs and flumes. The first are virtually 
forms of dams and the second are constrictive devices. 
Both involve the production of a head of liquid pro- 
portional to the rate of flow. Formulae can be deduced 
theoretically, but for actual measurement these need 
modifying by a discharge coefficient dependent on 
several parameters. Conditions of installation can 
vastly influence the accuracy and from this aspect it 
is suggested that the reader consults the articles by 
R. G. West under ref (x) and B.S. 3680. 

Let us examine the family of weirs first. 

It is very convenient to think in terms of a head of 
liquid instead of a pressure as in the case of the differen- 
tial devices of Chapter 4. If p is the static pressure due 
to a column of liquid of height H and density p, then 


since p = Hp, H = a 


In the case of weirs, it is 
constantly emphasized that the velocity of approach 
of the liquid to the weir should be kept low. The 
reason is that an additional factor equivalent to a 


Ve 
velocity head G) may be involved. Here V is the 


velocity of the stream of liquid and gis the gravitational 
acceleration. The effect will be shown for one type of 
weir, the rectangular. 


Rectangular Type Weir 


This type of weir comprises a metal plate with a 
rectangular slot cut in it in the manner of Fig. 94. 
The slot has sharp edges and the plate is installed at 
right angles to the direction of flow. The slot is narrower 
than the channel. 

In most of the standard text books dealing with 
flow in open channels it is shown that the velocity of 
flow at a depth H in a stream is given by the simple 


formula: 
V = V2gH Bo tee Aas ag (103) 
For our first example of weir we will consider the 


2 
effect of including a velocity of approach factor Ya 


Vm is the mean velocity upstream of the weir. 
Equation (103) then becomes 


2 
V= / 2 (H Vm? » + « (104) 
af 28\ 44 + a 4 
To obtain a flow rate Q it is necessary to consider an 
element dH at a depth H in the flow section as in Fig. 
95. The flow alae: the section BdH is given by: 
V 2 

dQ =B (H “2 aH . (10 

/ 8 + 2s (105) 


Integrating between O and H, to obtain the full 
flow, Q is found to be: 


2 Vat\? /Vm2\? 
=*B 26 | (H +) -(=) . (106 
Q=3 va| 1 2g 28 in00) 
Vim? 
Only if Vim is small can the term (Gow be neglected. 


Fig. 94. Rectangular type weir 
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Fig.95. Method of calculating rate of flow for a 
rectangular type weir 


Then, (106) reduces to 


o-2n(vx)H, . . . . (107) 


a basic formula which will be found in all relevant text 
books. 

In such a weir, the flow suffers contraction. There 
is a top and bottom contraction as indicated in Fig. g6a 
and there is, in addition, a side contraction as shown 
in Fig. 96b where the jet width after it leaves the weir 
is less than the weir opening. These factors necessitate 
the inclusion of a discharge coefficient C. But this 
coefficient can also be influenced by the dimensions of 
the approach channel, the velocity of approach, the 
character of the upstream conditions and the pressure 
Fig. 96. (a) Top and bottom contractions 
(b) Side contractions 


(b) 


below the nappe and its derivation, therefore, is not a 
simple matter. With the inclusion of C, equation (107) 
becomes: 


Q == BC (vi) - os (108) 


Practical formulae bear a somewhat different torm 
and a British standard specification, No. 599, “‘Code 
for Pump Tests”, gives recommended practical formulae 
for the rectangular and other types of weirs described 
in this chapter. 

One practical formula widely use for rectangular 
weirs o 

Comme ouna. . . (109) 
where G = the rate of flow in gal/hr 
B = width of weir slot in inches 
H, = the head over the weir in inches 

Observe that even this formula has a limited practi- 
cability, for when B = o-1z H,, the right-hand side of 
the equation becomes zero. 


V-notch or Thomson Weirs 


In this form of weir, a metal plate with a sharp 
edged V-notch cut in it is installed at right angles to 
the direction of flow as in Fig. 97. 

The formula may be derived, as in the case of a 
rectangular weir, by considering an element dH at 
depth H and integrating over the flow section. The 
simple basic formula is: 


Q= = tan °(vae)us . . . (rr0) 


For similar reasons to those given for rectangular 
weirs, it is necessary to introduce a discharge coefficient 
C. Then 


= = C tan (via) . Ss Gry) 


8 is normally between 35° and 120°. 


Two notches commonly used are the go° and the 
half go” versions. In the latter, the area is half that of 


the go° one. The corresponding formulae are: 
go° notch, G=117-1 H?*48 2, aa. oa 1GEER) 
Half go° notch, G= 58-6 H?48 F . (113) 


In both cases, G is the flow rate in sank 


Trapezoidal or Cipoletti Weirs 

In an effort to reduce the effect of side contraction 
the trapezoidal or Cipoletti. weir is sometimes used. 
The sides are made sloping in the manner of Fig. 98. 
The angle 9 is obtained from the relation 6 = 2 tan~*(2) 
from which 6 is approximately equivalent to 14°. A 
discharge coefficient is still necessary, however, to 
take care of other parameters and the relation between 
flow rate and head is given by: 


= 2cB(vg)H? rn 7\ 


Suppressed Weirs 


The suppressed weir comprises a plate with a sharp 
edge and extends the whole width of the channel. As 
its name indicates, it is entirely submerged or suppressed 


8 SHARP EDGE 
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Fig. 97. V-notch or Thompson weir 


beneath the surface of the liquid. The general arrange- 
ment is shown in Fig. 99. Obviously with such a 
design there is no side contraction effect. The derivation 
of a suitable formula is not easy and one commonly 
used is that due to Rhebock: 


H 3 
G = 45/ (3:23-+0-434-5" )( Hi-+o-0408 ) (115) 


where G = the flow rate in gal/hr 
H, = head over weir in inches 
L = length of crest of weir in inches 
B = height of crest of weir above bottom of 
channel in inches. 


H 
The term (0-433) in the first bracket is equivalent 


to a correction for velocity of approach. If B is large 
relative to H, the value of the term may be small 
enough to neglect it. 


Other Types of Weirs 


Another type of weir is the hyperbolic one in which 
the sides are shaped to produce a linear relation between 
flow rate and head. Compound weirs are employed in 
many cases where the installation of one particular 
type would not meet the operating conditions. 


General Precautions to be observed in the Installa- 

tion of Weirs 

1. To assist in uniform velocity distribution, the 
upstream channel should be relatively wide, deep 


Fig. 98. Trapezoidal or Cipoletti weir 
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Fig. 99. Suppressed weir 


and straight and of uniform cross-section. The use 
of baffles is sometimes recommended to break up 
currents in the stream. If installed, the nearest 
baffle should not be less than ro times the 
maximum head from the weir plate. 


STANDING WAVE 


T=. Ly 
Sr me 
ESM, ceeeeae 


SECTIONAL, ELEVATION 


—_— i] | Oe 
Sikaay AG, jraiss 


PRESSURE PIPE 


i 
< (2 


4 Joo on Sa ASD 


3 
Vu NAT eee 
ae o SES TI SOON Te v 
* Loy a ere met PONS SSK 


Fig. 100. Rectangular section V enturs flume 


2. The upstream edge of the notch must be square 
and sharp. 

3. A free overfall must be maintained. This means 
that the level of liquid on the downstream side of 
the weir plate must be some distance below the 
crest of the weir or bottom of a V-notch. The bed 
and the sides of the channel downstream should 
not be less than 6in. from the weir and the water 
level downstream should be at least 3in. below 
the weir sill. 

4. The measurement of the head over the crest of the 
weir or bottom of a V-notch must be made at some 
distance upstream from the weir plate. If H is the 
maximum value of the head, then measurement 
should be made at a distance of not less than 6H 
from the upstream face of the weir. 

5. The underside of the nappe of the weir must be at 
atmospheric pressure. This means aerating for 
suppressed weirs. 

6. For suppressed weirs, the sides of the channel 
must be vertical, smooth and in a plane at right 


angles to the plane containing the weir for some 
distance upstream and downstream of the weir. 
7, The conditions of flow may necessitate the instal- 
lation of a screen upstream from the weir to 
prevent the piling up of debris at the weir face. 


Venturi Flumes 


The Venturi flume is virtually a rectangular section 
Venturi tube with the upper surface removed. Thus 
we have the inlet contraction, throat and outlet 
expansion as indicated in Fig. roo. 

If V, and V, are the velocities at the inlet and throat 
respectively, and H, and Hy, are the corresponding 
hydraulic depths, 


V, = V2gH, ve ig see a4 Ss ig! {TIO) 
V. = V2gH; Gap ig Bho -@ OEETZ) 
From (116) and (117) 
Vi,2 — V,2 
H, — H, = —»——+- eee 4s 
1 2 28 (118) 


If Q is the rate of flow of the liquid through the flume 
Q = V, B, H, = Vz B, H, <  e s. (LIQ) 

where B, and B, are the inlet and throat widths 
respectively. 

From (119), 
Vi =a Va H, B, 

H, B, 

Making the necessary substitutions in (118) and 

introducing a discharge coefficient C, 


I 
Q=CB, a/ 2g H, V/A, — H, / 1— (Bali) (120) 


H 
* by x, equation (120) 
1 


B 
If 3, is represented by E and =~ 


becomes 


Q=CB, (V2g HVA — Fy H, ye —_ (121) 


Equation (121) is not a particularly practical one. 
It is possible to make the value of E sufficiently large 
so that the last term becomes substantially constant 
over a fairly wide range of flow rates. But one is left 
with an equation which then takes the form 


Q = KH, WH,—H, 8 ae} (Teg) 
a Pe 
where K = lc B, / 2g Jmol 
Thus the flow rate is proportional to (av HH, ) 


The evaluation of the product (H,~/H, — H,) by an 
instrument mechanism is possible, but the device is 
neither simple nor cheap. The establishment of the 
so-called ‘‘free’” flow or discharge conditions, however, 
enables the measurement to be much simplified. 


Free Flow or Free Discharge Conditions 
It may be shown mathematically that when the 


Vv," V;? 
value of ( + 2) exceeds the value of (H, +— 
2g 


by a specified amount the velocity V, in the contracted 
part of the flume reaches a maximum or critical value. 
In fact, V, then equals / g H,. If this value is substi- 
tuted in equation (118). 


_ Vi? 3H 
H ons a es 
1 28 = (123) 
From which, V,* = 2g 6 H, — H, ) 
and V,? = 2g H, (= — r) . « « (124) 


% 2 


From these equations 
x8 — 3xE?+2E*=0 ... . . (125) 
This is a cubic equation which can be solved in terms 
of real and imaginary roots, but its chief value here is 


to show that the ratio = x in the equation, is 
1 

constant for any one Venturi flume, being dependent 

By 

By 


We can now write xH, for H, in equation (121) and 
the final equation is then: 


solely on the ratio E = 


E2 
2__y 


Q=C (V6) /H, — *H, a anya « (126) 


Se Q=c B, (ag) Hy? K eee ee (027) 


where K is a constant dependent solely on the dimen- 
sions of the flume. 


Ref. (2) suggests the maximum value = =o8asa 
1 

rough guide for the establishment of critival flow condi- 
tions in the throat. At values of the ratio below the criti- 
cal one, a standing wave is formed in the manner of Fig. 
100, and the same reference mentioned in the previous 
sentence suggests a method of penstock adjustment to 
provide critical flow phenomena with standing waves. 


Fig. 101. U-section Venturi flume 
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Fig. 102. 


Venturi flume with vertical contraction 
When the critical value of the ratio 7 is exceeded, 
1 
the flume is operating under ‘“drowned’’ conditions, 
and equation (122) must apply. Since this involves the 


awkward quantity (H, ~/H, — H,) which means 
involved instrumentation, the advantage of ensuring 
free flow or discharge is considerable. 

It is not necessary for the cross-section of a Venturi 
flume to be rectangular. U shaped sections are not 
uncommon, and trapezoidal forms have been used. 
Fig. ror shows a U-section design. 

The vertical contraction or hump shown in Fig. 102 is 
sometimes necessary when the rates of flow in the lower 
part of the range are such that “drowning” will occur. 
The introduction of the hump ensures free flow 
conditions. 


Measuring Instruments 
We have established that for weirs and flumes, the 


Fig. 103. Float operated instruments for weirs. Strip 
chart recorder with integrator 
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rate of flow is proportional to a function of the head 
of liquid either in the weir or in the throat of the flume. 
A float resting on the surface of the liquid will, there- 
fore, follow any variations in head and so measure 
changes in the rate of flow. To ensure satisfactory 
conditions for measurement, the float must be installed 
in a well or chamber at the side of the main channel, 
the well being in connection with the channel. Such a 
well or chamber is shown in Fig. ror. 

The non-linear relation between rate of flow and 
head means that correcting devices must be employed 
between float and measuring or integrating instruments 
to produce linear conditions. Two means of performing 
this operation will be discussed. 

In the first example shown in Fig. 103, the rise and 
fall of the float rotates a pulley to the shaft of which 
is connected a cylinder. On the cylinder is cut a spiral 
groove, the pitch of which varies in such a manner that 
linear displacement of the recording pen carriage 
relative to changes in flow rate is achieved. Fixed to 
the pen carriage is a mechanical counter whose driving 
wheel engages with a gear train driven by the toothed 
integrating drum. The drum is driven at constant 
speed by a clock mechanism and the teeth on it vary 
in length in a linear manner as the drum rotates; thus 
the counter is operated according to its horizontal 
displacement along the drum. For example, at the 
zero or left-hand end there are no teeth on the drum 
for the counter wheel to engage and consequently 
there are no revolutions of the counter. At the right-hand 
or maximum end, teeth are continuously cut round 
the periphery of the drum, and the counter wheel is 
continuously engaged. Between zero and maximum 
flow there are teeth and open spaces according to the 
position along the drum. As a result, the wheel of the 
counter will be intermittently engaged and at rest for 
periods bearing a linear relation to the flow rate. 

The second example is a variation of the cam-operated 
design shown in Fig. 88 of chapter five. In Fig. 104 
the rise and fall of the float rotates the cam connected 
to the pulley shaft. The contour of the cam is cut to a 
law such that the rotation of the recording pen arm 
and the movement of the planimeter wheel carriage 
bear a linear relation to the flow rate. 


Fig. 104. Float operated instruments for weirs. Circular 
chart recorder with integrator 
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QUESTIONS: 
1. In equation (106) if H, = 6in., calculate the mean 
2 


velocity Vm which makes 2g 2% of H,. Take g as 


32-2ft/sec?. 
(Answer: o-8ft/sec approx.) 
2. Using equation (109), calculate the flow rate in 
gals/hr if B = 24in., H, = roin. 
(Answer; 107 6oogals/hr.) 
3. Compare the answer to question 2 with that 


obtained by using formula (108). Take C as 0-64, 
g as 32-2ft/sec? and rft® = 6-23 gallons. 


(Answer: 117 ooogals/hr.) 

4. In equation (125) find the value of E that satisfies 
the equation for x = 0-7. 
(Answer: 1°85 approx.) 


British Standard Specifications 


B.S.3680 Measurement of Liquid Flow in Open 
Channels. 


Part 4 Weirs and Flumes. 
Part 4A Thin Plate Weirs and Venturi Flumes. 


Chapter 7 


DISPLACEMENT, INFERENTIAL, MAGNETIC AND ULTRASONIC FLOWMETERS 


INTRODUCTION 


This chapter will be concerned with flowmeters which 
do not rely on the production of a differential fluid 
pressure or a static head of liquid for measurement 


purposes. 


DISPLACEMENT METERS 


In the displacement type of flowmeter the stream of 
fluid can operate cyclically a movable member of the 
meter, providing a means for measuring the total 
flow over a given period. 

Two typical designs only will be described. 


Semi-Positive, Semi-Rotary Piston (Oscillating 
Piston) Type 

In this type, a hollow cylindrical chamber A con- 
tains a partition piece B which extends along a radius, 
and runs the whole length or height of the chamber 
(Fig. 105). Concentric with the chamber wall is a 
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Fig. 105. Diagram showing the principal parts of a 
semt-positive, semi-rotary piston flowmeter 


second hollow cylinder C, and within this, a central 
hub D. In the floor of the chamber is an opening E, E 
being the inlet port to the meter. Working inside the 
chamber is a piston F which, in a typical pattern, has a 
horizontal web, and is fitted with a central peg G 
projecting upwards and downwards from the web. 
The underside of the web makes contact with the top 
surface of cylinder C. The upperside of the web 
contacts a similar hollow cylinder extending downwards 


OUTLET PORT 


from the lid of the chamber. Small holes are bored in 
the web to allow liquid to escape from the lower to the 
upper sides of the piston. The lid of the chamber con- 
tains the outlet port H which is on the opposite side of 
partition B to inlet E. 

The parts of the assembly are so proportioned that 
the peg G makes line contact with hub D; the outer 
surface of piston F makes line contact with the inner 
surface of chamber A; and the inner surface of F makes 
line contact with the outer surface of cylinder C and its 
counterpart in the lid. 

The piston has a pear-shaped cut-out through which 
the partition B projects. Because of the construction 
the action of the liquid in entering the chamber via E 
causes the piston to rotate round the central hub D. In 
so doing, it slides backwards and forwards along the 
partition. The operation of the instrument will be 
better understood if four positions of the piston are 
considered. 


Diagram showing the action of the semi- 


Fig. 106. 
positive, semt-rotary piston flowmeter 


Fig. 106 shows the inlet and outlet ports in com- 
munication with the inside of the piston. Liquid is 
entering by the former and the piston commences its 
rotary motion. The liquid outside the piston is for the 
time being cut off from both ports and hence has, for 
the moment, no part in the operations. It is normally 
termed, therefore, “neutral liquid”. As the piston 
rotates both ports are gradually uncovered and the 
neutral liquid becomes the outgoing liquid. Position 


Fig. 1066 is eventually reached where the incoming 
and outgoing liquids are on both sides of the piston. 
Further rotation takes place until the piston arrives at 
the position in Fig. 106c. Here, the interior is momen- 
tarily completely isolated from the two ports, the 
relevant liquid becoming neutral. The incoming 
liquid lies between the outer surface of the piston and 
the left-hand side of the partition, and the outgoing 
liquid between the right-hand side of the partition and 
the outer surface of the piston. Observe that the piston 
has now slid to the opposite end of the partition to that 
in Fig. 106a. The rotation now proceeds, and the 
sliding action reverses its direction, the previous 
neutral liquid from the interior now becoming the out- 
going. Fig. 106d is arrived at, where the piston is on its 
return journey along the partition, and the peg has 
proceeded for three-quarters of a revolution round 
the hub. The incoming water is beginning to enter the 
interior of the piston, and the rotational and sliding 
movement is continued until Fig. 106a is reached, 
when the train of operations is repeated. 

From this description, it can be seen that the 
rotation is always in one direction, each semi-revolution 
permitting a definite volume of liquid to be delivered 
through the meter. 

The peg of the piston is coupled to a cross-bar 
mounted on a spindle within the chamber, and the 
spindle is then geared to one or more trains to drive 
a revolution counter in the upper part of the instru- 


ment. This counter has a main dial and pointer and — 


several subsidiary ones, and will normally be calibrated 
in flow units, e.g., gallons, cubic feet, etc. 


Ranges 

In view of the extensive use of this type of meter 
in the water supply field the ranges are extremely 
high. For example, a typical M type meter of G. Kent 
Ltd. has a maximum reading of 100 000 000 gallons. 
A maximum totalizing rate is normally specified. This 
varies with the meter size, but for a 4in. diameter 
pattern could be about 7000 gallons/hour. The meters 
are also suitable for very low liquid flow rates, e.g., 
4 gallons/hour. 


Semi-Positive, Semi-Rotary Nutating Disc Type 

In this pattern a circular flat disc is used in place of 
the rotary piston. The working chamber in which the 
disc is situated is of circular shape with hemispherical 
sides, but has a conical roof and floor. A partition 
extends along a radius on the incoming and the out- 
going sides and virtually divides the chamber into two 
parts. The disc is split to fit over this partition and is 
thus prevented from rotating round its own axis, but is 
free to rock or rotate. To pass from the inlet port to 
the outlet, the liquid must flow through the chamber, 
and in so doing displaces the disc. The action of the disc 
is extremely difficult to describe simply, or to indicate 
in a clear fashion diagrammatically. If a kind of 
rolling, tilting action of the disc can be imagined, 
however, it will be seen that the pin traces out a cone 
of rotation. The end of the pin, therefore, follows a 
circular path and is coupled by a cross-bar to a spindle 
driving the gear assembly and the counter. An alterna- 
tive design uses a nutating bell. 


Ranges 
The ranges are similar to the rotary piston type. 


Inferential Meters 
Fan Type 


In this pattern of flowmeter the fluid stream operates 
a fan device. The fan may be single or multi-bladed. 
Fig. 107 shows a five-blade version in plan view. 
The blades are fixed to a vertical spindle and the fluid 
entering the fan chamber impinges on them, imparting 
a rotary motion to the spindle. The rate of revolution 
is proportional to the stream velocity, and if the 
spindle is geared to a counting mechanism, a means of 
total flow measurement is effected. 

Generally speaking, the fan type is restricted to use 
in pipes up to 2in. diameter. Where an installation for 
larger diameters is required, say up to roin., the 
propeller type is adopted. 


MULTI-BLADE FAN 


PLAN 


Fig. 107. Fan type inferential flowmeter 


Propeller Type 


The propeller is typically in the form of a helix 
mounted vertically (Fig. 108) or horizontally (Fig. 109). 
In the former type, the propeller chamber must be 
vertical, and for use in a horizontal pipe line, the inlet 
and outlet sections assume the curved shapes shown in 
the figure. The liquid is guided through the inlet (the 


Fig. 108. Vertical propeller type inferential flowmeter 
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Fig. 109. Horizontal propeller type inferential flowmeter 


guide is indicated as a double line in the inlet section) 
and up through the working chamber so as to flow in a 
smooth fashion. After leaving the working chamber it 
flows into the outlet section. In a variation of this 
design, a double helix assembly is used. 

With a horizontally mounted helix, on the other hand, 
the inlet and outlet sections and the working chamber 
are in the same straight line so that no guide is present. 

If Q is the rate of flow, L the oo of the propeller 
blades, n the rate of revolution of the propeller, A the 
net area of the water passage: 

Oa LAn er a (128) 

The meter measures total flow, so that between a 
time t, and t,, 


Q.dt a LAnam  «.':. «0 ee 
‘ oA 


Ranges 
Similar to piston and disc types. 


General Remarks on Mechanical Displacement 
Meters 


Gears 

Part or whole of the gear assembly may be in the 
fluid stream. It is therefore necessary to use materials 
which are corrosion and wear resistant. 

For this reason, the gears are commonly manu- 
factured of nickel, nickel alloys or phosphor bronze with 
bakelite bearing plates. 48 ; 

Where the gear assemblies are divided into two 
sections, e.g., undergears and counter gears, the drive 
into the latter passes through a gland rotating in a 
stuffing box. , 

In some designs, the counter gears are immersed in 
the metered fluid. Any unauthorized opening up of the 
meter results in flooding. 


Materials 

Materials for the body of the meter must be chosen 
with a view to preventing corrosion, electrolytic or 
otherwise. The body is often composed of one or more 
brass castings, with a brass working chamber for the 
rotary piston type. The rotary piston itself is formed 


from bakelite or ebonite. The multi-piston patterns 
normally use non-ferrous materials as far as possible— 
in one or two cases, the pistons can be manufactured 
from a plastic substance. 


Protection Against Freezing 


Where the metered liquid is likely to freeze in cold 
weather some kind of protection is necessary. Rubber 
pads which compress when the liquid freezes, or thin 
diaphragms or plates which are deformed when 
freezing occurs, are the most popular methods. 


Pressure Drop 


All types of quantity meters will have a pressure drop 
between the inlet and outlet, the value depending on 
the type and the rate of flow through the meter. 


ELECTRONIC TYPE INFERENTIAL METERS 


Improved performance by the inferential pattern 
of flowmeter may be obtained by reducing friction 
and the amount of work performed by the rotating 
element. The Pottermeter (manufactured in this 
country by De Havilland Propellers Ltd.) is designed 
to take care of these two factors. 

The detecting or sensing element consists of a bladed 
rotor element incorporating a permanent magnet, 
Fig. 110. It rotates within a housing of non-magnetic 
material. Before discussing the action of the magnet, 
let us examine the method of operation of the rotor 
itself. 

The bearings are seen supported at the centre of the 
three circular spring clip units at each end of the 
housing. Two conical members can be observed: one 
on the bearing support at the incoming end, and one on 
the rotor. The fluid is contracted at the support cone. 
Its velocity is increased, the maximum value being 
reached at the upstream end of the rotor cone. The 
maximum diameter of the support cone is slightly less 
than that of the rotor cone. The fluid decelerates after 
passing the position of maximum diameter of the latter 
and eventually the pressure rises to a value nearly that 
obtaining on the upstream side of the support cone. 
Now, this pressure is obviously greater than that 
at the position of maximum conical diameter and since 
it is effectively acting over the maximum area, 
the rotor cone tends to move in an upstream 


Fig. 110. Pottermeter—an electromagnetic type of 
inferential flowmeter 
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direction. But due to the difference in diameters of the 
support and rotor cones, the effect of fluid impact is 
increased as the rotor cone approaches the support 
cone. A position is reached where the two forces 
involved balance one another, and the _ rotor 
assumes a position ‘‘floating’’ between the ends of its 
two bearings. Thrust bearings are thus unnecessary, 
and thrust triction is eliminated. The fluid is admitted 
to the bearings through vents so that the rotor shaft 
operates on a film of the liquid. 

The rotor magnet sets up a rotating field which 
generates a.c. pulses in the pick-up coil seen on top of 
the housing. The pulse frequency is proportional to the 
speed of the rotor and the number of poles on the 
magnet. Further action depends on whether the rate of 
flow or total flow is to be measured. If the rate of flow 
is desired, the pulses from the pick-up coil may be fed 
to a frequency converter unit which delivers a d.c. 
output proportional to the pulse frequency. The flow 
rate may thus be indicated directly on a d.c. milli- 
ammeter or recorded by an appropriate instrument. 
If total flow is required, the pulses may be fed to an 
electronic counter unit and digital indication given. 


The Impeller Assembly 


Fig. 111. The impeller assembly of the Meterflow type 
of inferential flowmeter 


In a design by Meterflow Ltd., there is no magnet 
in the impeller assembly as can be seen from Fig. III. 
Normally, the pressure drop which develops across 
the rotor blades tends to force the rotor forward on 
to its outlet bearing, thus producing drag and reducing 
measuring accuracy. In the Meterflow element, how- 
ever, this bearing consists of a conical seating which 
- is in direct communication with the inlet to the flow- 
meter by means of a small drilling which passes 
through the entire length of the front bearing and the 
rotor assembly. Fluid at upstream pressure is com- 
municated directly to the rotor bearing, producing a 
thrust which always compensates that developed 
across the blades. The system is self-balancing, since 
the fluid pressure developed on the outlet thrust bearing 
increases as the rotor moves forward. The value of the 
pressure developed on the outlet bearing is a function 
of the relative position of the rotor and the bearing 
housing, and this position always adjusts itself so that 
the pressure drop across the rotor equalizes the thrust 
on the bearing. The rotor, therefore, always floats 
‘freely between the two bearings without making 
physical contact with them. 

Screwed on to one face of the flowmeter is a pick-up 
which contains a magnet and a coil. The passage of 
the blades through the magnetic flux generates voltage 
pulses in the coil which can either be used to operate 
a Dekatron type of display unit or, alternatively, can be 
utilized to produce a d.c. voltage or current proportional 
to flow rate by means of frequency d.c. converters. 


ANEMOMETERS 
Anemometers 
Anemometers are basically velocity measuring 
instruments, suitable mainly for air or gas flow 
measurement. 


Rotating Vane Anemometers ee 

Here, a small vane assembly, similar to a fan, is 
placed in the air stream. The fan shaft is coupled to a 
mechanical counter. The rate of revolution is a 
measure of the velocity, and readings over a given time 
interval are taken. From these, the velocity of the air 
flow may be determined. Values up to 10000 ft/ 
minute can be measured. The lower limit is about 
150ft/minute. 


Deflecting Vane Anemometer 


The stream of air or gas is allowed to impinge on 
a pivoted vane. The vane is deflected from its normal 


- position by an amount proportional to the velocity of 


the air. Usually, the deflection of the vane is opposed 
by a hair spring, and may be magnetically damped. 
It finds its greatest application in measuring the 
velocity of air in ventilating ducts. 


Hot Wire Anemometer 

In this type of instrument, a small resistance 
wire is heated by an electric current and placed in 
the air or gas whose velocity is to be determined. 
The stream of gas flowing past the wire exerts a 
cooling effect on it, dependent on the stream velocity, 
and so lowers its temperature. The temperature 
change varies its resistance. The resistance can be 
measured on a bridge as an indication of the fluid 
velocity. Alternatively, the current through the wire 
can be adjusted to keep the resistance constant, when 
the current itself becomes a measure of the velocity. 
An N.P.L. design incorporates a thermocouple in the 
assembly, the millivolts from the latter being a measure 
of the wire temperature and hence the fluid velocity. 
Typical ranges are 0-0-4, 0-2-0 and 0 to 5-oft/second. 


ELECTROMAGNETIC FLOWMETERS 


The principle of the electromagnetic flowmeter may 
be understood better if we first consider a very thin 
disc of an electrically conducting liquid moving with 
a velocity V along a pipe of internal diameter d. An 
external magnet system directs a magnetic field of 
strength H across the section of the pipe so that it 
acts at right angles to the direction of motion of the 
disc. Now, by Faraday’s law of induction, when an 


Fig. 112. Directions of velocity V, magnetic field H and 


electromotive force E 
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electrical conductor of length L moves through a 
magnetic field of strength H at a velocity V in a 
direction at right angles both to the magnetic field 
and its length, an e.m.f. is generated of value 
E=kHLV 

where k = a constant 

Our disc of liquid is a conductor obeying the general 
requirements of Faraday’s law, and it can be seen 
without much difficulty that L in equation (130) is 
replaced by d, the diameter of the disc. If, now, there 
is an infinite number of such moving discs contiguous 
to one another, we have the equivalent of a conducting 
liquid stream flowing continuously through the pipe 
(see Fig. 112). 


The stream will satisfy the following equation 
E=kHVd (131) 
In (131) d is constant and if H remains constant 
KV 


where K = a general constant . (132) 

Alternatively, since Q = VA where A is the area of 
the pipe, 

E=CQ 

C being a general constant. 

Thus, provided we can physically measure E, a very 
simple means of determining the flow rate of liquids 
in pipes is available. 


Practical Design 

x. In general, the electromagnetic flowmeter takes 
the form of a metering tube of non-magnetic 
material. This ensures that the magnetic flux does 
not go into the tube wall and by-pass the flowing 
liquid. 

2. The tube, if made of conducting material, must 
have an insulating lining to prevent short circuiting 
the e.m.f. Although this need only apply in the 
neighbourhood of the electrodes, the insulation is 
usually extended the whole length of the tube. 
Non-metallic tubes will not require this lining 
unless for reasons of corrosion, etc. 

3. The electrodes are usually of point form normally 
made from stainless steel. Platinum is occasionally 
used where the liquid handled is severely corrosive. 
The faces of the electrodes are flush with the 
lining or tube surface where no lining is used. 

4. The magnet coils are energized from an a.c. supply. 
The advantages and disadvantages of a.c. over a 
d.c. energized magnet are discussed in a paper 
devoted to this pattern of flowmeter and need not 
concern us here (see List of References). 

5. The system acts as a source of e.m.f. with a finite 
resistance dependent on the conductivity of the 
liquid and the size of the meter. Precautions must 
be taken in the measuring circuit to avoid anything 
but an extremely minute current drain from the 
e.m.f. source. 

The measuring circuit is normally a null balance 
one, a typical one being shown in Fig. 113. (Null 
balance circuits will be described in a later chapter). 


Advantages of the Electromagnetic Flowmeter 


x. Linear relation between flow rate and measuring 
signal as compared with the square law relation 
of differential pressure devices. This results in a 
rangeability of the order of 100/1. 

2. The measuring instrument can be arranged with 
a centre zero for measuring flow in either direction. 
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Fig. 113. Simple block diagram of electromagnetic flow- 
meter and measuring circuits (Foxboro-Yoxall Ltd.) 


Alternatively the electrode leads may be changed 
over to measure a reverse flow. 

3. The only pressure loss is that due to the length of 
tube, forming the meter. But a pressure loss 
would be present with the same length of ordinary 
pipe so that the introduction of the meter cannot 
be said to involve significant additional pressure 
losses. 

4. There is no obstruction to flow which renders the 
meter suitable for liquids containing suspended 
matter. Abrasion may be avoided by choosing a 
suitable lining material. Wood pulp and paper 
mill stocks, cement slurries, sewage, food pulp are 
but a few difficult fluids which may be metered. 

5. The design lends itself to the metering of corrosive 
liquids since parts in contact with the fluids may 
be made of corrosion-proof materials. 

6. It is not affected by velocity profiles, since the 
e.m.f. is at all points proportional to the velocity 
of flow across the diameter. 


Disadvantages of the Electromagnetic Flowmeter 


1. Itis not suitable for measuring gas or vapour flows. 

2. The normal design is not suitable for hazardous 
areas. 

3. Liquids to be metered must be conductors of 
electricity. 

4. There is a minimum value of conductivity which 
is related to the lengths of cable leads to amplifiers 
and the size of the meter. The readings are 
unaffected by increases in conductivity above the 
minimum value, but decreases cause the meter to 
read low. 

5. If a concentric build up of deposit of much 
different conductivity to that of the liquid takes 
place, significant errors may be introduced. Values 
will be found in the paper by B. W. Balls and 
K. J. Brown. Note that it is possible for non- 
conductive deposits to insulate the electrodes. 
Where the concentric deposit is of the same 
conductivity as the metered liquid, the meter 
continues to read correctly. 

A meter has been constructed of in. diameter with 

a flow range 0-002 to o-2gal/min. In contrast, a 

typical large diameter meter has been 72in. covering a 

range 500 to 50 ooogal/min. 


ULTRASONIC FLOWMETER 


1. Consider Fig. 114 in which a fluid is flowing at a 
velocity V. A transducer T, transmits a beam of 
sound to receiving transducer T, situated at a 
distance d downstream. If C is the speed of sound 
through still fluid, t the time for sound to travel 
from T, to T, is 


Fig. 114. Simple arrangement for ultrasonic flowmeter 
with one transmitting and one receiving transducer. The 
direction of flow is from left to right 


The difference between t and t,, At, is given by 


Vd 

At ce + V) (136) 
C for most fluids is of the order of 1500 metres/sec 

whilst V for most industrial applications would be a 

few metres/sec Equation (136) then reduces to 


5 (137) 


This suggests that At could provide a measurement 
of V. But it involves a knowledge of t,, not readily 
measurable, and C, which varies with temperature and 
pressure. To eliminate t,, the differential arrangement 
shown in Fig. 115 may be used. 


Fig. 115. Differential arrangement for ulirasonic flow- 
meter. The dtrection of flow ts from left to right 


2. Two sets of transducers, T, and T, and T, and T,, 
are installed in the pipe, the distance between T, 
and T, and T, and T, beingd. A beam of sound is 
transmitted from T, to T, downstream and from T, 
to T, upstream, both beams being of the same 
frequency. The time for the beam to travel from 
T, to T, is 

d 


where C = the velocity of sound under the 
temperature and pressure conditions existing in 
the pipe, and from T, to T,, 

d 


t, = 


C—V 


61 


The difference between t, and tz is 


2 Vd 
t; — tz=At =G_ya Bra Sa Be ee (140) 
If V is small compared with C; (140) can be reduced to 
2 Vd 
At = a sine sae ae Ae ag (141) 


3. The measurement of At now involves some 
problems. It may be solved by pulse techniques 
or a continuous wave beam may be used. In the 
latter case, the transmitting transducers are driven 
from a common source and the phase difference 
between the two received signals measured. The 
phase difference A¢ is given by 


20 Vd 
OPS or 


where w = the angular frequency 


4. Observe that in all the methods considered, C the 
velocity of sound is present. This can be eliminated 
if the method of Fig 116 is adopted. A short pulse 


Pulse 
Generator 


Amplifier 


Fig. 116. Pulse scheme for eliminating the effect of C 
the velocity of sound. The direction of flow is from left 
to right 


is emitted from transducer T, and is received by 
T,. The arrival of the pulse from T, triggers 
another one from T,. The time between pulses is 


i=. .—OC— ee 
= CLV (143) 
The pulse repetition frequency is f, and since f. = 
C+Vv ° 
{= or ae a (144) 


A similar pulse is transmitted from T, to T, and 
calling the repetition frequency here fo, 


7 UO EE (145) 


2V 
1 2 A d 


f, = 


Equation (146) is independent of C. 


5. A further technique used has been a differential 
arrangement across the pipe. It can be shown that 
a beam of sound can be deflected in the downstream 


direction in traversing a pipe from one side to the 
other. The deflection x is approximately given by 
Vd 


RS FRA a Sees (147) 
Which of the methods outlined is most suitable for 
industrial applications? 
There are several factors to consider. 


I. In the phase difference method the phase difference 
is given by 
20Vd 


A¢ = <a cee (148) 


Ad is proportional to the operating frequency 
and it suggests that w should be as high as possible. 
Measurements of Ag above 21 are not desirable, 


from the point of view of interpretation, but Ad 


should be as large as possible below this limit. But 


the higher the frequency the greater the attenuation 


since it is a function of the square of the frequency. 
Thus, already we have two conflicting factors. There 
is yet a third effect: that of the beam width. This is a 
function of the velocity of sound in the liquid, the 
radiating area of the transducer and the operating 
frequency. There may have to be a compromise 
between all the factors involved. 
z. In the frequency difference method, care must be 
taken to avoid coupling between neighbouring circuits 
carrying frequencies relatively close to one another. 
The frequency difference Af is dependent on the flow 
rate V and may be of extremely low value, e.g. roc/s 
or 20c/s unless the flow rate is relatively high. 
3. The beam deflection method suffers from the fact 
that the deflection is proportional to flow rate and, at 
low flow rates, may not be sufficient for accurate 
measurement. 

For an appraisal of the methods and a detailed exam- 
ination of principles involved, the paper by R. E. Fisch- 
bacher quoted in the references should be read. 


QUESTIONS: 


No questions are added for this chapter due to the 
largely descriptive nature of the text. 
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Chapter 8 


NON-ELECTRICAL THERMOMETERS 


INTRODUCTION 


HE most important classes of non-electrical 
thermometers are:— 

I. Liquid expansion. 

2. Gas expansion. 

3. Vapour pressure. 

4. Bi-metallic. 


I. LIQUID EXPANSION INSTRUMENTS 


In a typical liquid expansion thermometer, a 
Bourdon tube is connected to a metal bulb by small 
bore metal tubing known as “‘capillary tubing” (Fig. 
117). A completely sealed system is formed. The 
internal diameter in a typical capillary is o-or in. 
The reason for the smallness of this value will be seen 
later. The size of the bulb depends on the range of 
the instrument. The whele of the internal volume 
formed by the bulb, capillary and Bourdon is filled 
with a liquid with as great a range as possible between 
freezing and boiling points. A large coefficient of cubical 
expansion is also required. A low vapour pressure 
is desirable since it is only the expansion property we 
are concerned with using. To avoid any trouble from 
vapour pressure effects, the thermometer systems are 
filled and sealed with the liquid at a very high pressure. 
This may reach a figure of 1ooolb/in? or more in the 
mercury filled variety. Thus, the boiling point is 
raised considerably by being under such a high pressure, 
and vapour pressure influences on the instrument are 
negligible. 

Apart from the physical properties mentioned, any 
liquid chosen must not attack the metal parts with 
which it is in contact. 

Mercury is the most popular liquid in use today. 
Others such as xylene and alcohol are used, but to a 
lesser extent. 

It is convenient at this point to consider the opera- 
tion of .the thermometer. We have seen that the whole 
system ‘is filled with liquid. Suppose now that the 
bulb, which has by far the greater part of the total 
volume, is inserted at the place where the temperature 
is to be measured. For purposes of explanation, 
consider that the temperature increases from a certain 
value. The volume of liquid in the bulb increases, and 
assuming that the liquid does not become compressed 
in ahMy manner, the increase is transmitted by the 
liquid in the capillary tubing to the Bourdon tube. 
The increase in volume causes the tube to deflect in a 
similar manner to the pressure instruments described 
in Chapter 1. It should be clearly understood, how- 
ever, that it is primarily a volume change which 
operates the Bourdon tube here, pressure changes 


being incidental. 
The law governing the expansion of liquids may be 
stated simply as: 


Vy = V, (x + a (T. — T))) eee ew ew ow (149) 
where V, = the volume of liquid at 7,°C. in cm or 
; in® : 
V, = the volume of liquid at 7,°C. in cm’ r 
in® 


a = coefficient of cubical expansion per °C. 

This equation has other terms in the full version, but 
these need not be considered here. It does show, 
however, that a substantially linear scale for the 
instrument may be expected. 

The following table indicates the recommended 
maximum and minimum temperatures and coefficients 
of expansion of the normal filling liquids. 


rae , Coefficient of 
Liquid Min. Max. . 
Cubical Expan- 
Eomp Temp: sion (per °F.) 
Mercury — 38°F. | 1000°F. O-IOI X 1073” 
— 39°C.) | (538°C.) 
Xylene — 40°F 750°F. 0-623 x 10-8 
— 40°C.) | (400°C.) 
Alcohol — 50°F 300°F. 0:635 x I0-8 
( — 46°C.) | (150°C.) 


Fig. 117 A typical liquid expansion thermometer 
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Fig. 118. The three main sections of a liquid expansion 
thermometer 


The dependence cn volume change brings one or 
two disadvantages in its train. If we refer to Fig. 118, 
we see that the system can, in effect, be divided into 
three sections: the bulb, the capillary, and the Bourdon 
tube. The operation, being based on a volume change, 
means that the instrument is sensitive to temperature 
variations at other places than in the bulb. For 
example, the temperature of the surroundings of the 
capillary may alter (i.e. the ambient temperature), 
which means that the volume of liquid in the capillary 
varies, affecting the Bourdon in a similar manner to 
the alteration in bulb liquid volume. The instrument 
is calibrated on the basis of bulb volume changes, and 
a change anywhere else in the system can cause 
errors. Let us see what is likely to be the value of 
these. 


Ambient Temperature Errors 


If V is the internal volume of the bulb, and v is the 
internal volume of the capillary, for a temperature 
change of ¢°F. in the capillary, the error x in °F. is 
given by: 


, 


Now consider an example. 
(a) v = 0-40 in® (approximately 105 ft of o-o2 in. 
diameter capillary). 
V = 5:00 in, 
t = 15°C., e.g. a change from 10°C. to 25°C. 
. je 
Then i= 2 xX 15 = 12°C. 
Suppose the instrument has a range of 100°C.—600°C., 
then the percentage error in terms of the range is 
1:2 
—— X 100 = 0:24 per cent 
500 4P 
In terms of the maximum reading on the scale, i.e. 
600°C., it is 
1-2 
——- X I00 = 0:20 per cent. 
600 
To illustrate how important is the relation between 
bulb and capillary volumes, assign some new figures to 
the example. 


v = 0-40 in’, 
V = 1°00 in’, 
t= 15°C. 


o-4 


Then, t=— x15. = 6C. 
I 


In terms of per cent of range the error is: 


— X 100 = I°2 per cent. 
500 
In terms of per cent of maximum scale reading it is: 


6 
— xX 100 = I per cent. 
600 P 


British Standard Specification No. 1041 covering 
Temperature Measurement allows only 4 per cent of 
the maximum scale reading for a 30°F. change in 
capillary and/or Bourdon temperature. We see that 
the error in example (a) is not serious since it is well 
below 34 per cent. If the conditions of example (6) 
obtain, however, the error is much above the recom- 
mended maximum. 


Compensating Devices 


It is obviously better to avoid correcting devices 
wherever possible, and to achieve this the capillary 
bore must be reduced to very small dimensions, e.g. 
0-005 in. If, in spite of this, the ambient temperature 
errors are unacceptable, then some compensating 
device must be introduced. 


Compensating Link . 

One device is the compensating link of Negretti & 
Zambra Ltd. This consists of a small chamber con- 
taining a core of a metal with a negligible coefficient 
of expansion such as Invar (A). Between the core and 
the walls of the chamber is an annular space which is 
filled with the mercury C. On any change in ambient 
temperature, the change in volume of the annular 
space, due to the expansion of the outer casing B, is 
sufficient to accommodate any variation in volume of 
mercury in the adjoining length of capillary, and so 
prevent it exerting an effect on the Bourdon tube. 
(The general effect is shown at the bottom of Fig. 119.) 

It would be possible, of course, to adopt precisely 
the same principle by inserting a length of low expan- 
sion wire acting as a core running the whole length of 
the capillary. The diameter of the core and capillary 
are then proportioned so that the change in annular 
volume is sufficient to compensate for the change in 
mercury volume. 
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Capillary Tubing x Capillary Tubing 


Low Temp. 


High Temp. 


SECTION ‘XY’ 
Fig. 119. A section through the compensating link 


Double Capillary and Bourdon Tube 


An alternative compensating device fairly widely 
adopted is the double capillary and Bourdon tube. In 
this method, a length of capillary cf the same diameter 
as that connected to the bulb is run from the neighbour- 
hood of the bulb to the instrument, where it is joined 
to a second Bourdon tube. This second system is filled 
with liquid under similar conditions to that of the 
measuring system, but is made to act on the instrument 
pointer in an opposite sense to that of the measuring 
system (see F2g. 120). 

Since both capillaries and Bourdon tubes are subject 
to the same conditions it can be seen that the effect 
of one system due to ambient temperature changes is 
immediately counteracted by the other and any 
significant errors are prevented. 


Bi-metallic Strip or Spiral 


To prevent ambient temperature errors due to the 
Bourdon tube itself, it is possible to incorporate a bi- 
metallic spiral with the Bourdon such that the deflec- 
tion of the spiral due to a temperature change opposes 
that due to the tube. See Bi-metallic Thermometers 
for an explanation of the operation of bi-metallic strips. 


Other Errors 
Barometric Pressure Errors 


Since the pressure within a liquid expansion thermo- 
meter is very high, e.g. 1ooolb/in? and upwards, the 
effect of any normal barometric change is without 
significance. 


Head Errors 


The situation of the bulb relative to the Bourdon 
tube in the instrument could lead to errors due to the 
head of mercury above or below the Bourdon tube. 
If A is the vertical height involved in either case, and 
p is the density of the liquid filling, the pressure due to 
the head is Hp Ib/in?. If the bulb is above the instru- 
ment, this pressure causes a positive error, and if 
below the instrument, a negative error. In the former 
case, therefore, the reading is too high, and the head 
error must be subtracted, whilst in the latter case the 
head error must be added. 

Very approximately, one foot of mercury exerts a 
pressure of 6 Ib/in?, so that a few feet variation be- 
tween calibration conditions and installation conditions 
as regard the relative placing of the bulb and instru- 
ment will not cause serious errors. The thermometer 
is normally calibrated at the works of the supplier, 
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system 


Fig. 120. Double capillary and Bourdon tube 

with the bulb in the correct position. It is possible, 
however, to reset the pointer on site for small head 
errors. 


2, GAS EXPANSION INSTRUMENTS 

We have the same fundamental elements as for the 
liquid expansion type of thermometer, i.e. bulb, 
capillary, and Bourdon, the system so formed being 


filled with a gas at high pressure. The operation of 
the instrument, however, depends on a different law. 
The volume of the metal bulb will vary due to expan- 
sion with temperature, but the value of the change is 
relatively small, and the whole system may be con- 
sidered as one of constant volume. The gas law then 
applies (an ideal gas is assumed for explanatory 
purposes) : 

PUR A ts Ge aa ad tae (151) 
where = the absolute pressure in lb/in? of the gas. 


volume 


v = specific volume = 


I 


= in®,/Ib. 


R = gas constant for the gas being used, in 
appropriate units. 
T = absolute temperature (°C. + 273 or °F, 
+ 460). 

Since the volume and mass of gas remain constant 
in the gas thermometer, and R is a constant, the 
pressure # can be regarded as proportional to T. In 
other words, the action of inserting the bulb at the 
point where the temperature is to be measured causes 
a pressure to be set up in the gas proportional to the 
temperature. The Bourdon tube is acting directly as 
a pressure responsive device. The deflection is propor- 
tional to the pressure and hence to the temperature 
being measured. 

Equation (151) may be extended to show the opera- 
tion of the thermometer. 

If #, is the pressure at the maximum temperature T, 
and 4, is the pressure at the minimum temperature T,. 
Substituting in equation (151): 


y= a rr er (152) 
p U= No «ee eo we we ww oe I 
and from these, : ' (153) 
Pe—t, TT, —T 
a 2 T, a Aya hae te (154) 


T, — T, is then the temperature range of the instru- 
ment, and p, — , the corresponding pressure range 
the Bourdon tube must undergo. If we call Y this 
range, equation (154) can be written: 

Ty 
T,—-T, 
The maximum and minimum temperatures of the 
range must always be known. 

The above equations indicate that the instrument 
scale is linear. 


f= Yx 


Ambient Temperature Errors 


As in the liquid expansion type the effect of ambient 
temperature changes on the capillary and Bourdon 
tube can produce errors. Compensation is complicated 
in the gas expansion thermometer since the error for 
the same ambient temperature change increases as the 
bulb temperature increases, but decreases as the 
differential range of the instrument increases. Wemay, 
however, still make the bulb volume so large in relation 
to the capillary and Bourdon tube volume that the 
errors are reduced within specified limits. Because of 
the relation between ambient temperature error and 
bulb temperature, the double system method can only 


- compensate fully at one temperature, and partially at 


all others. 

The pressure of a gas at constant volume increases 
by 1/273 of its pressure at o°C. for each degree centi- 
grade change. In the double compensating system 


suppose the ambient temperature round the capillaries 
increases by 5°C. The pressure in the compensating 
system capillary increases by 5/273 of the pressure at 
o°C. In the measuring system, this pressure change 
will be reduced by gas flowing into the bulb from the 
capillary until the pressures are equalized. The 
‘imcrease in pressure in this case depends on the 
relation of capillary volume to that of the bulb, but 
obviously will be very much less than that of the 
compensating system. 

The error allowed by British Standard Specification 
No. I04I is 2 per cent. of the instrument range for a 
30°F. ambient temperature change of capillary and/or 
Bourdon tube. 

Using the large bulb method, lengths of capillary 
up to 300 ft may be supplied, but with the double 
system with only partial compensation, the length 
may be reduced to about 100 ft. 


Suitable Gases 

Nitrogen is almost universally used as the filling gas. 
It is inert, has a high cubical coefficient of expansion, 
and is easily cbtainable. 


Ranges 

With gas expansion thermometers the maximum 
and minimum measuring temperatures recommended 
by British Standard Specification No. 1041 are: 

Minimum Temperature Maximum Temperature 

— 60°F. (— 51°C.) To00°F. (538°C.) 

The maximum limit may be modified by the material 
of which the bulb is made. It is found at the higher 
temperatures that certain metals become porous to 
gases, thereby lowering the pressure in the system. 
Some manufacturers, therefore, specify a maximum 
temperature of 800°F. (427°C.) for their products. 


Other Errors 
Head Errors : 
The density of nitrogen is extremely small and head 
errors are negligible in the case of a gas thermometer. 


Barometric Pressure Errors 


Dependent on the filling pressure, day-to-day changes 
in barometric pressure may produce small errors. 
The use of the thermometer at altitudes appreciably 
different from that at which the thermometer was 
calibrated can also cause errors. 


3. VAPOUR PRESSURE THERMOMETER 


Again the closed system of bulb, capillary and 
Bourdon tube is used. The vapour from a liquid 
exerts its own pressure, increasing with temperature, 
and this is particularly evident in a confined space. 
If, therefore, we introduce a suitable vapcrizable 
liquid into the closed system a means of temperature 
measurement is at hand, the Bourdon tube again 
being used as a pressure responsive device. 

Certain precautions must be observed with this type 
of thermometer. These are: 

1. The vapour must be present in the bulb under 
saturated conditions. This means that for any 
one temperature, the maximum amount of 
vapour has been achieved. The production of 
any more would cause condensation of vapour 
into liquid again. Under such cenditions, the 
vapour pressure is independent of the volume 


of liquid present in the bulb, being dependent only 
on the temperature. To obtain this state prati- 
cally, some liquid must always be present in the 
bulb over the whole of the temperature range of 
the thermometer, and the quantity of liquid 
inserted in the bulb at the filling stage must be 
sufficient to meet this condition. In other words, 
there must always be a liquid-vapour surface in 
the bulb. 

2. Two conditions will have to be met, possibly in 
the same instrument: 

(a) Where the bulb is at a higher temperature 
than the capillary and Bourdon tube 
(normal temperature measurement). 

(b) Where the bulb is at a lower temperature 
than the capillary and Bourdon tube 
(refrigeration, etc.). 

In (a) the vapour generated from the bulb will 
condense in the cooler capillary and Bourdon 
tube to form a liquid which then acts as a trans- 
mitting means for conveying the pressure of the 
vapour in the bulb to the Bourdon tube. The 
volume of liquid placed in the bulb must be 
sufficient to fulfil this condition as well as that 
specified in 1. (Fig. 121). 

In (b) the reverse phenomena will occur. The 
capillary and Bourdon tube being at a higher 
temperature than the bulb will be filled with a 
superheated vapour, and the liquid will exist 
only in the bulb. The amount of liquid here 
again must meet condition 1. The vapour 
pressure in the bulb will be communicated to the 
Bourdon tube via the vapour in the capillary 
(Fig. 121). 

3. Arising from the points discussed in paragraph 
2, it can be seen that it is undersirable to measure 
ambient temperatures by means of vapour 
pressure thermometers since the liquid in the 
capillary and Bourdon tube may be passing into 
vapour, or the vapour therein may be condensing 
as liquid. Each time a lag is produced which 
results in unstable instrument readings. 

4. The maximum temperature of the instrument 
range must be below the critical temperature of 
the liquid. 


Fig. 121. Conditions 1 and 2 tn the vapour pressure 
thermometer 
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5. The minimum temperature of the instrument 
range must be above the boiling point of the 
liquid. 


Suitable Liquids 


Fig. 122 shows temperature-pressure relations for 
* six of the most common vaporizable liquids, and the 
table gives some properties of these same liquids. It 
will be cbserved from the curves that the scale shape 
will not be linear. The divisions will be smaller at the 
lower end and larger towards the maximum end. 
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Fig. 122. Temperature-pressure characteristics for six 
common vaporizable liquids 


ae Boiling Point | Critical Temp. 
Liquid = 
“C. °F. °C. Bd 5 
Methyl chloride |-— 23-7 | — 10-7 1431 289°6 
Freon — 29°72 |— 206] — — 
Sulphur dioxide | — 10-0 | + 14 I57°2 | 315°0 
Alcohol 78°5 173°3 | 243°1 | 469-6 
Toluene I10°5 | 230-9 | 320-6 | 609-1 
Ether 34°5 94°I | 193°8 | 380-9 
Ranges 


British Standard Specification No. 1041 recommends 
the following minimum and maximum measuring 
temperatures: 


Minimum Temperature Maximum Temperature 
— 60°F. (—51°C.) 500°F. (260°C.) 

Some manufacturers extend the maximum temperature 

to 650°F. (343°C.). 


Ambient Temperature Errors 


In condition 1, it was stated that the vapour pressure 
is independent of the volume of liquid in the bulb. 
Consider the two most common cases likely te arise. 


Capillary and Bourdon Tube Temperature below 
Bulb Temperature 


In such a case, the capillary and Bourdon tube are 
full of liquid. An increase in ambient temperature will 
cause the liquid to expand and drive a small amount 
back into the bulb. A decrease in ambient temperature 
will cause the liquid to contract, the bulb having to 
supply a small volume. In either case, however, since 
condition 1 holds, the temperature is unchanged by 
any -change of liquid volume. 


Capillary and Bourdon Tube Temperature above 
Bulb Temperature 


The capillary and Bourdon tube are full of vapour in 
the superheated condition, and are independent of 
ambient temperature changes. 

For normal temperature changes, therefore, the 
instrument suffers no errors. If large fluctuations occur 
in the Bourdon tube neighbourhood, its physical 
characteristics may be affected. 

British Standard Specification No. 1041 allows an 
error of I per cent 7 the range for a 30°F. ambient 
temperature change. 


Head Errors 

When the bulb is at a higher level than the indicating 
or recording instrument a head error may be introduced. 
For small values the instrument pointer can be reset 
on site. If the indicator is to be installed more than 
1oft below the bulb this fact should be stated when 
ordering the thermometer. 


Barometric Pressure Errors 

Day-to-day changes in barometric pressure and 
appreciable changes in altitude can cause errors. 
Pointer resetting is possible if the errors are small. 
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Fig. 123. Bt-metal strip deflected by unequal expansions 
of the different metals 


4. BI-METALLIC THERMOMETERS 


A type of thermometer widely used is that con- 
structed from a helical element. The helix is formed 
from a strip of bi-metal. This consists of two 
metals welded together. One of the pair has an 
expansion coefficient much greater than the other. 
Consider one end of the strip to be fixed and the other 
left free. The application of heat causes the free end 
to deflect due to the unequal expansions of the metals 
forming the strip (Fig. 123). If the strip is now wound 
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Fig.124. Various bulb shapes 


into helical form, again with one end fixed and the 
other left free, the latter can be made to give a rotary 


movement to a spindle, when heat is applied. From 
such an element a thermometer can be constructed 
since a pointer can be attached to the spindle and a 
scale added for measuring purposes. 

For the low expansion member of a bi-metal strip 
Invar is commonly used. The high expansion member 
may be brass or one of the nickel alloys. 

The range covered is approximately from — 40°F. to 
600°F. 

Accuracy is usually +1% of the range. 

Note one great advantage of this pattern of thermo- 
meter—it does not suffer from head cr barometric 
pressure errors. ; 


RESPONSE 


Response times of the thermometers described in 
this chapter will be discussed in Chapter 15. 


BULB SHAPES 


Fig. 124 indicates various shapes of bulbs en- 
countered in industry. 


Chapter 9 


ELECTRICAL THERMOMETERS 


THERMOCOUPLES 


A thermocouple is not a new device, the thermo- 
electric effect having been demonstrated as far back 
as 1821 by Seebeck. In brief, he took two wires of 
different metals and joined the ends together so that 
there were two junctions, the wires being separated 
except at the joints. On heating one junction to a 
higher temperature than the other he discovered that 
an e.m.f. was produced causing a current to flow round 
the loop or circuit formed by the two joined wires (Fig. 
125). The e.m.f. and current, moreover, were found to 
vary with the temperature difference between the two 
junctions. 


HEAT 


Fig. 125. Basic thermocouple circuit 


Such an arrangement is called a thermocouple. The 
junction at the higher temperature is termed the hot 
junction, and that at the lower temperature the cold 
or reference junction. 

If E is the value of the thermocouple e.m.f., 7, the 
temperature of the hot junction, and 7, that of the 
cold junction, from theoretical considerations it may 
be shown that 

E = a(T, —T,) + 0(7,? —T,?) ... (156) 

a and b are constants depending upon the metals 
used. The first term has by far the greater effect. 

We have a basis of a temperature measurement 
since by inserting junction A in the medium whose 
temperature is to be measured and keeping B at a 
lower temperature, a measurable e.m.f. is produced, 
the value depending upon the relative values of 7, and 
T,. But if the e.m.f. is to be a reliable indication of the 
temperature 7, of the hot junction, from equation (156) 
it can be seen that it is essential either to keep the 
cold junction temperature T, constant, or to introduce 
into the circuit some compensating feature which will 
nullify a change in 7,. Both schemes are used, the 
former more for laboratory work and the latter for 
industrial purposes. 

Before discussing practical arrangements there are 
two laws which should be stated: the Law of Inter- 
mediate Temperatures and the Law of Intermediate 
Metals. 


Law of Intermediate Temperatures 


The two junction temperatures have been taken 
as T, and 7, in the foregoing explanation. Let T, bea 
temperature intermediate to T, and T,. By the Law of 
Intermediate Temperatures the e.m.f. can be considered 
as the algebraic sum of the two e.m.f.’s produced: 

(a) With the hot junction at 7,, and cold junction 


(0) With the hot junction at T;, and cold junction 


The law is illustrated in Fig. 126, and a numerical 
example is given below from actual published figures. 
(a2) em.f. E, with hot junction at 7, = 100°C and 
cold junction at T, = o°C 
E = 5:09 millivolts. 
(6) e.m.f. Z,, with hot junction at 7, = 100°C and 
cold junction at T, == 20°C 
E, = 4:09 millivolts. 
(c) e.m.f. E,, with hot junction at T,; = 20°C and 
cold junction at 7, = 0°C 
E, = 1:00 millivolt. 
By the Law of Intermediate Temperatures, 
E=£,+8, 
1.e., 5°09 = 4:09 + 1 millivolts. 
5°09 = 5:09 millivolts. 


Fig. 126. Illustrating the Law of Intermediate Tem- 
peratures 


Tables of thermoelectric e.m.f.’s and temperatures are 
published with the cold or reference junction at one 
fixed temperature, generally o°C (32°F). When, 
however, it is desired to refer to another cold junction 
temperature, say 15°C, the Law of Intermediate 
Temperatures enables a simple subtraction to be made 
to achieve this. 


Law of Intermediate Metals 


Suppose now that we introduce a third wire, BC, ofa 
different metal into our loop at the cold junction end 
(Fig. 127). The Law of Intermediate Metals allows the 
circuit e.m.f. to remain unaltered provided both of the 
new junctions B and C, formed by introducing the wire, 
remain at the same temperature as that of the original 
single junction. We are not restricted to the addition 
of a single wire. More than one may be connected in 
circuit, of varying metals, but provided the tempera- 
ture of each new junction is the same as that of the 
original, the e.m.f. is unchanged. The importance of 


c 
Fig. 127. Illustrating the Law of Intermediate Metals 


this can now be seen. Instead of the wire BC, we can 
connect between B and C a millivoltmeter to measure 
the circuit e.m.f., and although it may have brass 
terminals FF, copper internal connections with a 
copper coil D, and a manganin resistance bobbin E 
(Fig. 128), these do not affect the value of the thermo- 
couple e.m.f. But what is the cold junction? Since B 
and C are at the same temperature, the link BC can 
be regarded as providing electrical connection only 
between B and C, and the latter path now represents 
the new cold junction. The importance of all dis- 
similar metallic junctions in this path remaining at the 
same temperature can be realized. If one or more 
should differ in temperature from the others, additional 
e.m.f.’s will be set up in the circuit, causing errors in 
measurement. 


C 
Fig. 128. Practical application of the Law of Inter- 
mediate Metals 


Positive and Negative Wires 

The current produced in the thermocouple circuit 
will flow from one wire to the other at the cold junction. 
The wire the current flows from is termed the positive 
wire and the wire into which the current flows the 
negative one. 


Thermocouple Materials 


There are two broad groups of thermocouples: rare 


or precious metal and base metal. 


RARE METAL GROUP 


Recommended Maximum 
Working Temperatures 
(B.S. 1041, Part 4) 
Positive a een ae 
Wire 


Negative _ 
Wire Spot 
Readings 


Con- 
tinuous 


Alloy of Platinum 1400°C 1650°C 
90% 

Platinum 
10% 


Rhodium 


Platinum 1400°C 1650°C 


Alloy of 
87% 
Platinum 
13% 
Rhodium 


70 


Base Merat Group 


Recommended Maximum 
Working Temperatures 
(B.S. 1041, Part 1) 


Con- 
tinuous 


Positive 
Wire 


Negative 
Wire Spot 
Readings 

Constantan (or 400°C §00°C 

Eureka). Alloy 

of 40% Nickel 

60% Copper 

approx. 


Copper 


850°C 
1100°C 


‘1100°C 
*1300°C 


Iron Constantan 


Chromel* 
Alloy of 
90% Nickel 


Alumel* 

Alloy of 94% 
Nickel, 2% 
Aluminium 

Silicon and 
Manganese 
in varying 
amounts 


10% 
Chromium 


Nickel- 
Chromium 
alloys 


Nickel- 
Aluminium 
alloys 


1100°C 1300°C 


*—Chromel and Alumel are registered trade names of the 
Hoskins Manufacturing Co. (British agents: R. G. McLeod). 


Other Classes of Thermocouples 


Considerable research has been made into the subject 
of combinations of pure metals and alloys other than 
those quoted above. There is, for example, the tungsten/ 
tungsten 26% rhenium thermocouple for which the 
extremely high upper limit of 4200°F (2330°C) is 
claimed. A development in the platinum-rhodium 
group is the platinum 30% rhodium/platinum 6% 
rhodium thermocouple with a limit for continuous 
operation of 2732°F (1500°C) and intermittent opera- 
tion 3272°F (1800°C). In addition, combinations using 
molybdenum and iridium have also been tried in the 
field. Reference (5) summarizes the characteristics of 
the newer versions, and B.S.1041 Part 4 gives some 
data. 


Effect of Atmosphere on Thermocouples 


Thermocouples cannot be used indiscriminately. 
Some of those described suffer oxidation at elevated 
temperatures, and must be used in neutral or reducing 
atmospheres. The suitability of any thermocouple for 
a particular application must always be checked from 
this aspect. 


Industrial Types of Thermocouples 


For industrial work the thermocouple is constructed 
on the lines of Fig. 129. The two metal wires are 
twisted together at one end and welded to form 
the hot junction A. From the hot junction the wires 
pass through ceramic insulators D to terminals B and C 
on an insulating head E. A thermocouple may be used 
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Fig. 129. General form of construction of industrial 
type thermocouple 
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Fig. 130. Basic arrangement of thermocouple installation 
in industrial plant 


bare, but in the majority of applications it is necessary 
to insert it in a metallic pocket with a protecting head. 
The pocket can take the form of Fig. 130 which is 
equipped with an adjustable flange to allow the pocket 
position to be varied, or it can take the form of ascrewed 
pattern pocket similar to that shown in Fig. 124 of 
Chapter 8. 


Measuring Instruments 


Measuring instruments fali into two main classes. 
In one, moving coil movements are used as milli- 
voltmeters to measure the thermocouple e.m.f. They 
are calibrated, of course, directly in temperature units. 
In the other, the potentiometer circuit is used as a 
basis of measurement particularly in the null-balance 
type of instrument. The potentiometer circuit is 
discussed under Cold Junction Compensation, and a 
brief description of null-balance instruments appears 
at the end of the chapter. A fuller treatment will be 
found in Chapter 13 on Feedback. 

Unless precautions are taken errors can be intro- 
duced in the thermocouple circuit, and the moving 
coil pattern of instrument has been chosen to illustrate 
these. 


Cold Junction Location 


The measuring instrument may be a large number of 
feet from the thermocouple. Supposing that the termi- 
nals of the thermocouple shown in Fig. 129 are con- 
nected to the instrument by copper wires. The condi- 
tions are then of the basic circuits, Fig. 127 or Fig. 128. 
The link BC represents the cold junction. But B and C 
are relatively near the hot junction A and could, 
therefore, be at a moderately high temperature, thus 
reducing the thermocouple e.m.f. In addition, the 
presence of the cold junction near the hot one could 
lead to severe fluctuations in temperature. But if the 
cold junction is transferred to the instrument itself, 
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Fig. 131. Cod junction location in thermocouple in- 
stallation 
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usually mounted well away from the hot junction in a 
location at normal room temperature, a bigger tempera- 
ture difference is realised and the cold junction tempera- 
ture is less liable to severe fluctuations. 

To achieve this the connecting leads D and E of 
Fig. 131 must be of the same materials as the thermo- 
couple or be of materials possessing the same or similar 
thermoelectric properties as those of the thermo- 
couple. For copper/constantan thermocouples leads 
of the same materials are used. For the nickel 
chromium/nickel aluminium type of thermocouples, 
the same materials may be used depending on the 
length involved. If this should be fairly long, leads of 
iron and a copper-nickel alloy can be substituted to 
reduce the cost. In the case of precious metal thermo- 
couples, the use of the same materials would prove 
prohibitive from the cost point of view and leads of 
copper and a copper-nickel alloy (or copper and nickel) 
are installed. 

In general, such connecting leads are called com- 
pensating leads or cables. 

The following is a table of thermocouple wires and 
corresponding compensating leads: 


Thermocouple 


Compensating Leads 


Positive 
Wire 


Positive 
Wire 


Negative 
Wire 


Negative 
Wire 


Constantan 

Constantan 

Alumel 

Copper-Nickel 
Alloy 

Copper-Nickel 
Alloy 


Constantan 
Constantan 
Alumel 
Alumel 


Copper 
Iron 
Chromel 
Tron 


Copper 
Iron 
Chromel 
Chromel 
Platinum- Platinum 
Rhodium 

(10 or 

13%) 


Copper 


COLD JUNCTION 


IN MELTING ICE 
Fig. 132. Cold junction located in melting 1ce 


Cold Junction Temperature Variation 


The millivoltmeter used for thermocouple work is of 
the moving coil type in which the moving coil deflection 
is proportional to the current flowing through it, and, 
hence, to the thermocouple e.m.f. The latter, as we 
have seen, is proportional to the temperature difference 
(7, —T,). If we desire the e.m.f. to be a true measure 
of T, it is imperative either to keep T, constant or to 
introduce into the system some compensating device 
which will nullify any variations in T,. 


Fixed Cold Junction Temperature 


Proceeding on the first basis, the cold junction T, 
could be maintained in a chamber of melting ice, i.e., at 
o°C, which would give us an accurately known fixed 
temperature. The instrument is connected in circuit 
as indicated in Fig. 132. Alternatively the cold junction 
could be kept in a temperature-controlled chamber. 


Such devices are available for industrial purposes. 
But normally recourse is made to the second scheme of 
introducing a temperature compensating device. In 
the vast majority of cases the device is a bi-metallic 
strip. 


Bi-metallic Compensation 


We have seen in Chapter 8 that the strip consists of 
two metals, bonded together, of unlike expansion 
coefficients. A loop of bi-metallic material is intro- 
duced into the hairspring system of the moving coil 
in the millivoltmeter. When the ambient temperature 
changes, the thermocouple e.m.f. varies, and normally 
would affect the reading of the instrument. The bi- 
metallic strip deflects at the same time, however, in 
such a direction as to oppose that of the moving coil. 
By knowing the values of the torque exerted by the 
coil and the strip, it is possible to arrange for satis- 
factory compensation for ambient temperature varia- 
tion. An instrument equipped with such a device is 
said to have automatic cold junction compensation. 


Potentiometer Circuit 


It is not proposed to discuss the fundamental prin- 
ciples of the potentiometer, but to explain how it is 
used in thermocouple work. The basic circuit is shown 
in Fig. 133. The e.m.f. due to the couple is balanced 
against the voltage drop along the slide wire S until the 
instrument G reads zero. The position of the contact 
arm D is then a measure of the thermocouple e.m.f. and, 
hence, the temperature. Automatic cold junction 
temperature compensation is introduced into the.circuit 
by means of a nickel resistance spool N, indicated in 
Fig. 134. M helps to reduce the current taken from the 
battery.to I or 2 milliamps in this branch. A is a scale 
suppression resistance which enables the instrument 
scale to commence from some other temperature than 
zero, whilst B reduces the current through the slide 
wire S to I or 2 milliamps. R is a voltage adjusting 
resistance. A, B, S, and M are of manganin or similar 
material 

As the temperature of the instrument changes, the 
resistance of the nickel spool varies, and injects into the 
circuit a small e.m.f. increase or decrease to counter- 
balance that produced by the cold junction temperature 
change. 


Fig. 133. Basic potentiometer circuit 
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s ¢ 
Fig. 134. Potentiometer circuit with cold junction com- 
pensation 


Variation of Resistance of Instrument Coil with 
Temperature 


The coil of the millivoltmeter type of instrument used 
in thermocouple work is made from copper or alu- 
minium wire. The resistance of this varies with 
temperature, and it is necessary to examine the value 
of this in the light of introducing an error into the 
measurement. A typical coil may have a resistance of 
50 ohms, and the e.m.f. for a full-scale deflection about 
5 millivolts. This means the current is limited to 
1/10 of a milliamp. Let us suppose that the range of 


Fig. 135. Thermocouple circuit indicating resistances 
involved 


the instrument is 0 to 700°C and that iron-constantan 
thermocouples are used. With the cold junction at 
o°C the millivolt span is 38-21 millivolts, taking some 
typical figures. 38-21-5 millivolts must be absorbed 
outside the coil itself and a resistance in series with the 
coil is necessary (sometimes referred to as the swamp 
resistance). From the electrical standpoint the circuit 
now becomes Fig. 135. 
In this figure, Rt = thermocouple resistance 
Ri = resistance of lead wires 
R. = coil resistance 
Rs = series or swamp resistance 
Rs is wound from a wire possessing negligible 
resistance change with temperature. 
Giving practical values to these resistances, 


Rt = 1 ohm 

Ri=5 ohms (royd of iron-con- 
stantan cable) 

R. = 50 ohms 


Rs = 326-1 ohms 
Total resistance = 382-1 ohms. 


Considering a copper coil, the variation in resistance 

with temperature is given by: 
Re = Ryg(t + a(t — 15) . . . (157) 
Rr = the resistance at temperature 
T°C 
R,; = the resistance at 15°C 

a = 0:00426 (the temperature resist- 

ance coefficient). 

15°C has been taken as an average room temperature. 
Suppose the temperature increases to 20°C, a reasonably 
higher limit of variation. The resistance at 20°C of a 
50 ohm coil is, using formula (157), 51-065 ohms. 

The total circuit resistance has now increased to 
383-16 ohms, a percentage change of } per cent approxi- 
mately. This would be the percentage error on the 
indicating or recording instrument, since the deflection 
is proportional to the current, and the current has been 
reduced by } per cent. Such an error is not particularly 
serious. It can be seen, however, that if the swamp 
resistance should become too low in value the percent- 
age error would increase in proportion. With Rs equal 
to 100 ohms, the error is nearly I per cent. Paragraph 
106 of British Standard Code No. 1041, ‘““Temperature 
Measurement”, suggests that for millivoltmeters with a 
range up to 0-20 millivolts the maximum error should 
not exceed } per cent for a change of 1°C in the ambient 
temperature. It is desirable on this basis to keep the 
internal resistance as high as possible. 


where 


External Resistance Variation 


In the preceding section, we have seen how the 
change in internal resistance of the instrument can 
affect the readings. External resistance changes can 
also introduce errors. Referring to Fig. 135, we see 
that the external resistance comprises Ry and Ri. Of 
these, Rt is usually very small compared with the other 
circuit resistances and any change in its resistance is 
not so important as that of the compensating leads Ri. 
If E is the thermocouple e.m.f. in millivolts, the milli- 
voltage e appearing at the terminals of the instru- 
ment is 

Rs + Re 


= 5 Geonee sna ) . (158 
R+R+R+R (158) 
The current through the instrument is 
E 
Se te 
R+R+R+R) °° 9) 
Any alteration in R; will, therefore, affect the current 7 
and the instrument reading. 
If we wish to fix a maximum percentage error a in 
the current or instrument reading, 
= 5Ri xX 100 
(Rs + Re + Rte + Ri) * 


where 5R: is the maximum variation in Ri: allowable 
so that this percentage error is not exceeded. 


(a +kR+Rh 
a a) . (161) 
100 


As an example let us take the preceding figures for the 
resistance values, and stipulate that a shall not exceed 
+ per cent. 


. (160) 


SRi = 


382:1 
100 


5Ri = 0-956 ohm. 
It is customary to mark the external resistance on 
indicating or recording instruments. 
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Fig. 136. Measuring average temperatures by means of 
thermocouples 


T, Ts 


Measurement of Average Temperature by 
Thermocouples 


If we have a series of temperature measurements 


whose millivolt outputs are ¢,, é, é3, etc., the true 
average 1s 
@:t+égteg+.. .€ 
Biggs a oh wench es (162) 
n 


Since ” is constant, however, the sum of (e, + e 
+e, +... )isa measure of the average temperature. 
The thermocouples are therefore connected in series 
(Fig. 136) and the instrument calibration based on the 
sum of the e.m.f.’s. The individual compensating 
cables must be carried up to the instrument. 


Measurement of Temperature Difference by 
Thermocouples 


For measuring temperature difference it is only 
necessary to connect the thermocouples in opposition © 
(see Fig. 137). If e, and e, are the two e.m.f.’s in 
question, ¢, and ¢, are the corresponding hot junction 
temperatures, and éo is the cold junction temperature, 

ey — € A(t, — to) — (t, — to) - (163) 


; ey — & a(t, — ty (164) 

It will be observed that the cold junction term has 

disappeared. In consequence, the connections of Fig. 

137 may be used with a saving of compensating cable 
since EH and GJ may be of copper. 


or, 


Fig. 137. Measuring temperature difference by means of 
thermocoubles | 


v SWITCHBOX 
SINGLE-POLE 


Fig. 138. Multipoint switching for thermocouples utiliz- 
ing single pole switching 
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7 SWITCHBOX 
DOUBLE-POLE 

Fig. 139. Multipoint switching for thermocouples utilize 

ing double pole switching 


Multipoint Installations 


Where is it desired to measure the temperature at a 
number of points for indicating purposes a multipoint 
switch box is installed, and for recording purposes the 
switching is performed automatically by mechanism 
operated by a small motor. The contact resistances of 
the actual switches are of some importance as any non- 
conducting films on the contacts are liable to cause 
trouble, since only a very small millivoltage is available 
to break down the films. The devices are numerous 
and range from rotary stud patterns to leaf spring 
types and mercury switches. Since two leads from the 
couple are brought to the switch box, double pole 
switching is logical, but is not always adopted. Single 
pole switching with a common lead to the millivolt- 
meter is often used. This has the disadvantage that an 
earth on this lead appears on all of the couples. Fig. 138 
indicates the basic circuit for single and Fig. 139 for 
double pole switching. 

In many installations, the switching is performed 
manually, but on modern scanning systems, the switch- 
ing is carried out automatically by mechanical switches 
of the uniselector type, by relays or by solid state 
switching circuits. 


Response of Thermocouples 

The thermocouple is invariably inserted into a 
metal pocket of sufficient thickness to withstand 
pressure and temperature conditions existing in the 
medium whose temperature is to be measured. Between 
the inside of the pocket wall and the couple itself an 
air space may exist. The dimensions of the pocket wall 
and the air space tend to introduce a lag into the 


response of the couple to a temperature change. This 
is more serious in a contro] system than when indicating 
or recording, and will be discussed when dealing with 
instrument and element response in later chapters. 


Materials for Thermocouple Pockets 


The materials used for thermocouple pockets must 
be specified with care, due to the high temperature and 
corrosive nature of some applications. 

The following is a short list of commonly used 
materials with the approximate limiting temperatures: 


Brass... oe re 250°C 
Copper 500°C 
Steel 800°C 
Stainless Steel 800°C 
Heat Resisting Steel 1000°C 
*Nichrome sy 1050°C 
Fireclay 1200°C 
Porcelain 1300°C 
Sillimanite 1500°C 
Mullite 1600°C 


The above figures may be modified by the nature of the 
gases or liquids whose temperature is to be measured. 
*Registered name British Driver Harris Co. Ltd. 


RESISTANCE THERMOMETERS 


The variation of electrical resistance of materials 
with temperature affords a very convenient basis for 
temperature measurement. If we except thermistors 
and semiconductors, the materials used are metal 
wires. 

The general requirements are: 

1. As large a change in resistance as possible for a 
given temperature range, i.e., a large tempera- 
ture-resistance coefficient. 

2. A melting point well above the highest tempera- 
ture likely to be measured. 

3. Ability to produce a pure metal so that repro- 
ducibility is easily effected. 

4. Physical and mechanical properties to be such 
that excessive manufacturing difficulties are not 
encountered. 

Three metals are used industrially. They are plati- 
num, nickel and copper. All three may be manufactured 
in a very pure condition. Platinum and nickel pre- 
dominate in this country. The following table shows 
the melting points and the normal maximum measuring 
temperature: 


Normal Maximum 


Melting Point Temperature 
(B.S. 1041 Part 3) 
Platinum 1773 +5°C 600°C 
Nickel 1455°C 350°C 
Copper 1083°C 250°C 


Resistance-Temperature Relation 
The resistance-temperature relation takes the follow- 


ing form: 
Rr = R(t + aT + OT? 4+ cT?+...).. (165) 
where Ry is the resistance at T°C or F. 
R is the resistance at some lower tempera- 
ture, usually specified as 0°C or 32°F. 
a, b, c, are constants. 
The number of constants involved depends on the 
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temperature to be measured but, generally speaking, 
two would be sufficient up to 540°C. 


Fundamental Interval 


The difference in resistance of a thermometer 
between 100°C and o°C is termed the fundamental 
interval, and is sometimes used in specifying the 
requirements for a thermometer. If Rj, is the resistance 
at 100°C and Ro the resistance at 0°C, (Ryo9 — R,) is the 
fundamental interval. It appears in the equation stated 
by Professor Callendar: 


Rr see Ry T?2 T 
2S 5 ——| (166 
Peers a es =A ioe 
where T = the temperature in °C. 
Rr = the resistance at T°C. 
Comparing equations (165) and (166) 


Rio0 = Ro 5 ; 
Se ee eee ie I 
: I00R, a 100 (167) 
(Ri00 ie Ry)d 
SS ne de ed awe 68 
100°R, oe) 


The International Practical Scale of Temperature 
(1948) is suggested by B.S. 1904. Here:— 


1/R: T T 
=—(—_] ——1)(— 
abe 1) + ® G05 ~ *) Gos) 


+8(=. 1 Gn : 169 
100 ) aa) a5. @ (199) 
between—183°C and °C 
1 /R; T 7 
T heh ae —] Soptee, 2 
a \Ro )+8 (a5 1 oe eee 


between 0°C and 630°C. a, 8 and 8 are constants 


Forms of Industrial Resistance Bulbs 
Resistance Value 


As indicated in Fig. 140, a resistance spool is often 
located in the head of the thermometer. Known as the 
ballast resistor, it serves to adjust the temperature- 
resistance relation. 


BALLAST 
RESISTANCE 


LEAD WIRES 


SULB INSULATORS 


Fig. 140. General construction of resistance pattern 


thermometer 


B.S.1904 specifies a ratio of Ryoo/Ry of 1-3910. When 
the temperature does not exceed 600°C the fundamental 
interval is 38-50 ohms. Above 600°C, the fundamental 
interval becomes 38-50, 10-000, or 1:0000 ohms as 
required. 


Power Dissipated in Thermometer 

Any effects due to self-heating, i.e., heating due to 
the current flowing through the thermometer, must 
be minimized. For this reason, the power dissipated by 
the current in the thermometer should not exceed 
a small fraction of a watt e.g. 10 milliwatts. 


Construction 


Invariably the thermometer bulb consists of a coil 
of wire wound on a former. Since the thermometer is 
an electrical one, it is essential that the turns be 
insulated from each other, and from earth, at all 
temperatures likely to be encountered. With a few 
exceptions bare wire is used so that the former material 
should be non-hygroscopic. 

The gauge of wire will depend to some extent on 
the resistance value, but values between 0-002in. and 
0-008in. diameter are common for platinum. 

A design widely used comprises a hollow cylindrical 
ceramic former about 2$in. long and 3in. diameter. 
On the outer surface of this a threaded groove is 
moulded. Bare wire is wound into the grooves, and to 
make as rigid an element as possible and also to 
insulate the exposed surface of the wire, a coating of 
heat resisting cement, porcelain glaze, or other high 
temperature insulating material is placed over the 
wound former. Just above the former, the platinum 
is sealed, preferably by welding, to leads extending 
down from terminals on an insulating head. The lead 
wire materials are of nickel or similar metal of much 
stouter gauge than the platinum wire. These must be 
insulated from one another and from any surrounding 
metal pocket. It is customary, therefore, to pass them 
through insulators of cylindrical or disc pattern. 
The latter have the advantage of occupying nearly 
the full diameter of a pocket, and of helping rigidity. In 
addition, they tend to prevent convection currents of 
air inside a pocket. The complete element takes the 
form of Fig. 140. 

Attention must be drawn to another class of bulb, 
the Dynatherm of Foxboro-Yoxall Ltd. Here a metal 
core is used. On to the core is wound the resistance 
wire, in this case insulated nickel. The lower end of the 
metal core makes contact with metal foil, itself in 
thermal contact with the bottom of the protecting 
pocket. Such an arrangement produces a reasonably 
fast rate of heat transfer from medium to element. 
This particular design is suitable up to a maximum 
temperature of 600°F (315°C). 

A Bristol design also uses a metal former. It is an 
aluminium corrugated tube. The resistance element 
which is in the form of a helix is wound spiral fashion 
into the corrugations. The crests of the corrugations 
make contact with the inside surface of the pocket 
ensuring a rapid heat transfer. The maximum tem- 
perature is 600°F (315°C). 

The process of manufacture may introduce certain 
stresses into the platinum wire, and the element should 
be stress relieved by annealing at a higher temperature 
than the maximum value likely to be encountered in 
use. 


Measuring Circuits 

The common measuring. circuit is the Wheatstone 
bridge. For resistance thermometer work it can be 
applied in two ways. 

In the circuits which follow the bridge supply is 
shown as a battery, V. This should be regarded as 
symbolic since there are many ways of obtaining 
bridge supplies in addition to batteries (e.g. Zener 
diodes). 


Out of Balance Method 


Referring to Fig. 141, the bridge is balanced by R, 
for one value of the thermometer resistance T and the 
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Fig. 141. Basic bridge circuit for resistance thermometer 
out of balance current taken as a measure of the 
resistance at all other values. If a suitable moving coil 
instrument G is included in arm BC, knowing the 
temperature-resistance relation of the thermometer, it 
may be calibrated directly in temperature units. 

Using the bridge in such a fashion entails certain 
precautions. Any variation in the bridge voltage 
supply V affects the out of balance current, and so 
introduces an error into the instrument reading. One 
method to eliminate the error over a reasonable voltage 
change is to use a cross coil movement. In this arrange- 
ment the coil assembly in the indicating instrument 
carries two coils with their planes at an angle to one 
another. We may term one the measuring coil, EZ, and 
the other the control coil, F, in Fig.142. The torques 
due to the currents flowing in the coils oppose one 
another, and the deflection, therefore, depends on the 
values of these two currents, which from Fig. 142 are 


affected equally by a change in bridge voltage V. Since 
Fig. 142. Bridge circuit utilizing cross coil movement 


V 


Os 


Fig. 143. Bridge circuit incorporating test resistance 


the torques are opposing, by adjusting the current in 
the control coil, the effect of a change of V on the one 
coil can be made to cancel that on the other. 

If V consists of a d.c. supply from batteries, and 
the single coil movement instrument is used, it is 
desirable to check the battery voltage at regular 
intervals. This may be carried out conveniently by 
arranging for the bridge to operate at a specific voltage 
value, and including in the bridge circuit a test resist- 
ance (Fig. 143).. The switch is thrown to 6 for checking 
purposes, and resistance R in the supply lead adjusted 
until the instrument pointer reaches a particular test 
point on the scale above the maximum reading. If this 
is done before observations are taken, the bridge 
voltage will always be at the same value. An a.c. 
supply with a step-down transformer and rectifier in 
the secondary circuit gives an equivalent d.c. source. 

Alternatively, a constant voltage supply may be 
installed. One method is to use an a.c. supply with a 
constant voltage step-down transformer. In such an 
arrangement a variation over a wide range of voltage, 
€.g., 190-260 volts, on the primary side causes only a 
$ per cent-r per cent variation in the secondary 
voltage. The circuit on the latter side must include a 
rectifier for producing d.c. bridge supply voltage. 

In some supply units barretters are used for stabili- 
zation purposes. 

But there are many types of stabilizing systems and 
newer techniques have involved the use of semi- 
conductor circuits. 


Null-balance Method 
In the second method the Wheatstone bridge is 
used as a null-balance instrument. This would corres- 
pond, in Fig. 141, to adjusting R, in the bridge, every 
time a temperature observation was required, so that G 
showed no deflection. Then, 
Ry 
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or 
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R, thus becomes a measure of T and hence the tempera- 
ture. 

In one design of hand-operated null-balance instru- 
ment resistance R, is made to alter the position of a 
pointer over a scale or, vice versa, the movement of a 
scale against a fixed index mark. In either case, the 
scale is calibrated directly in temperature units. R, 
is adjusted from the front of the instrument by means 
of a knob. Coupled to the resistance knob shaft is the 
mechanism for moving the pointer or scale. The knob 
is turned until the value of R, balances the bridge, 
observed by zero deflection on the galvanometer 
pointer. The scale or pointer is then at the value of the 
measured temperature. 

But rebalancing of the bridge may be carried out 
by automatic means involving servo motors. These 
are described later in this chapter. 


Lead Resistance 
Two Lead Circuit 


The thermometer may be a considerable distance 
from the instrument which contains the bridge circuit. 
In Fig. 141 it can be observed that there are two leads 
from the thermometer to the instrument. The resistance 
of these leads is of some significance since the bridge 
measures the total resistance between C and D. The 
gauge of the conductors in the connecting cable should 
be as large as possible, and 3/0-036 or 3/0029 is usually 
specified. 3/0-036 copper has a resistance of 0-oo80hm/yd 
and 3/0-029, 0-o1z20hm/yd. B.S. 1041 recommends the 
resistance of the thermometer itself should be at least 
30 times the total lead resistance to avoid ambient 
temperature effects on the leads. 


Three Lead Circuit 


By using three leads from the thermometer it is 
possible by an arrangement, due initially to Sir W. 
Siemens, to include one lead in the thermometer arm 
and one in the opposite arm of the bridge. The third 


Fig. 144. Bridge circuit incorporating three wire lead 
from thermometer 


Fig. 145. Alternative bridge circuit incorporating: three 
wire lead from thermometer , 


completes the necessary connection to the galvano- 
meter arm (Fig. 144). An alternative version includes 
the third lead in the supply branch of the circuit 
(Fig. 145). | 

A further refinement is. observable in the diagram. 
A variable resistance S has been connected between 
R, and R, for balancing purposes. This removes contact 
resistance variation from an actual resistance arm 
where it could affect the measurement. 

At balance, 


Ri+S, Rg+r 
R,+S, T+r 


The only condition where the circuit is independent 
of a change in 7 is for 


oe © © © 8 6 


(173) 
In other words, the circuit is independent of lead 
variation at one temperature of the thermometer. At 
other temperatures, however, the effect of change in 7 
for any ambient temperature change is negligible. 

‘If the alternative circuit is chosen (Fig. 145) the 
condition for complete independence is 

; DB SRP Oe. cn heh ee he (174) 

leading to a similar result, as before, of independence 
at one temperature only. 


in oe 


Four Lead Circuit ; 

In this circuit one pair of wires from opposite arms 
of the bridge is brought to the thermometer. One set 
is actually connected to the latter, and the other two 
are looped at the thermometer. The arrangement 
means that practically the same lead resistance is in 
each arm at all temperatures, and accurate compensa- 
tion results (Fig. 146). 


Multi-point Installations 

A single indicator or recorder can be installed for 
multi-point measurement. A switch box enables the 
individual thermometers to be connected to the instru- 
ment in similar fashion to the thermocouple arrange- 
ment of Fig. 138. Single or double pole switching may 
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Fig. 146. 


DOUBLE POLE SWITCHING 


Fig. 147. Multi-point switching for resistance thermo- 
meters utilizing double pole switching 
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SINGLE POLE SWITCHING 
Fig. 148. Multi-point switching for resistance thermo- 
meters utilizing single pole switching 


be used, but the possibility of earthing troubles with 
the former exist as with thermocouples. Observe that 
each line carries a line balancing resistance L. This 
consists of a few turns of wire, giving a very small 
_resistance, with which the circuits are adjusted to a set 
value when installation takes place. The basic circuits 
for single and double pole switching are shown in 
Figs. 147, 148. 


Measurement of Temperature Difference by 
Resistance Thermometers _ 

For the measurement of temperature difference by 
resistance thermometers it is customary to connect the 
two thermometers in opposing arms. Whilst this is 
satisfactory, a modification, shown in Fig. 149, results 
in a simple equation for balance. The modification is to 
insert a resistance S, equal to that of the slide wire, in 
the circuit. 

The equation for balance at any moment is 


T,+(S—S) R 
Sete tN AT ee ee more — I ese@mtmC OOUmUCSHUCSHUC~SS I 
Ty + (S$) Ro (75) 
which gives Si = i atta vies (176) 


This means that the portion S, of the slide wire 
resistance is at any moment directly proportional to the 
temperature difference. 


Measurement of Average Temperature by Resist- 
ance Thermometers 

For measuring average temperature of several points, 
the most satisfactory method is to connect all the 
resistance thermometers 7,, 7, and T, in series as one 
arm of the bridge. It is usually more convenient if the 
resistance values are reduced in proportion to the 
number of thermometers involved. For example, if the 
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Fig. 149. Measuring temperature difference by means of 
resistance thermometers 


normal value of a single point resistance thermometer 
at o°C is 100 ohms, and three points are now to be 


100 
averaged, each thermometer will now be made — 


ohms, i.e., 33°33 ohms. Fig. 150 shows the method of 
connection for two lead circuits. ; 


THERMISTOR THERMOMETERS 
Thermistors are composed of metallic oxides which 
are compressed and fired at elevated temperatures. 
They may be produced in the form of small beads, 
discs, rods and washers. They possess negative tempera- 
ture-resistance relations, a typical value of which is 
about —4% per °C at 20°C. The general resistance- 
temperature relation is given by: 

b 

R = a.e* 
where R = the resistance 
T = the absolute temperature 

a and 6 = constants. 


Fig. 150, Measuring average temperature by means of 
resistance thermometers 
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Fig. 151. 
thermistors 


Typical curves for the resistance-temperature 
relations are shown in Fig. 151 which are for thermistors 
of Standard Telephones and Cables manufacture. 

The temperature range over which thermistors are 
satisfactory as temperature measuring devices depends 
on the type, but experience suggests 0° to 300°C as a 
reasonable value. 

Two types are available: the directly heated and the 
indirectly heated. In the directly heated version, 
current is allowed to pass directly through the thermis- 
tor element. In the indirectly heated design, the current 
is fed into a small heating winding round the thermistor 
element, and does not, therefore, pass through the 
element itself. Both types have their own applications. 
The directly heated ones have tended to be used more 
as temperature measuring devices, whilst the indirectly 
heated ones have found numerous applications in 
servo circuits. 

Fig. 152 shows a basic bridge circuit for temperature 


measuring purposes with a directly heated thermistor, - 


F23 in the figure. It forms one arm of the bridge. 
Balancing is carried out by the 1000 ohm resistor for 
coarse adjustment and by the 120 ohm resistance for fine 
adjustment. The range is 90°F to 120°F. 

Fig. 153 indicates a directly heated thermistor Th, 
being used as a temperature measuring device, but with 
somewhat different circuit arrangement to Fig. 152. It 
is actually a control circuit, the object being to main- 
tain the temperature of the oven, shown at the right- 


hand side of the figure, at a constant value. It can be 
seen that 7h, and R, form a potential dividing line. 
k, acts as a resistor for setting the desired value of the 
oven temperature. If the oven temperature is at the 
desired value, the resistances of Th, and R, are equal. 
For the purposes of explanation, however, consider 
that the temperature of the oven has fallen below the 
desired value. The resistance of Th, is then higher than 
that of R,. A positive signal is now fed to the control 
stage of the transistor amplifier. This increases the 
current through the oven winding, and, hence, causes 
the oven temperature to rise. But Th,, measuring the 
oven temperature, has a negative temperature- 
resistance relation so that the resistance of Th, decreases 
as the temperature increases. The action continues until 
the resistance of Th, is equal to that of R, when the 
error signal is zero and the temperature is back again 
to the desired value. 

The temperature - resistance characteristic of a 
thermistor may be modified by connecting resistances in 
series and parallel with it. Such a property gives rise 
to two possible applications. One is that the non- 
linear temperature-resistance relation may be made 
substantially linear over a moderate temperature 
range, e.g., 50°C.» The other is that in the use of a 
thermistor as a Ccompensaune device, the resistor 
networks may be so designed as to give the thermistor 
exactly the form of compensating curve required. 

References 3 and 4 at the end of the chapter should 
be consulted for full details of thermistor applications. 


SEMICONDUCTOR THERMOMETERS 

This is the name loosely given to a class of thermo- 
meters constructed from pure germanium or pure 
silicon crystals. Taking a typical design, the tempera- 
ture measuring element is a practically pure crystal of 
silicon. The range can be from —320°F (—195°C) to 
600°F (315°C) overall, but a smaller range from 
—50°F (—45°C) to 350°F (177°C) is suggested in 
practice. The general action is that of a resistance 
thermometer and indeed the resistance change is 
stated to be relatively high. In published data the 
change from —50°F (—45°C) to 500°F (260°C) is 
given as 40% to 50% per 100%. The characteristic 
temperature-resistance is positive and is only slightly 
non-linear. Response with the bare element inserted 
in the medium whose temperature is to be measured is 


Fig. 152. Bridge circuit incorporating a thermistor 
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claimed to be extremely fast. 


To reach 63% of the 
final temperature value when a change has taken place 
requires only 15 millisecs and to reach 90% of the 
final value 40 millisecs. 


NULL-BALANCE INSTRUMENTS 

Both the examples of null-balance instruments 
described here are intended to illustrate the principles 
involved only and, hence, are very much simplified. 

Considering the thermocouple version Fig. 154 first, 
in the normal potentiometer circuit a null-balance 
detecting instrument is connected between B and C. 
In the automatic null-balancing instrument, however, 
between B and C is connected a train of circuits. These 
comprise a d.c.-a.c. converter, an amplifier and a 
servo unit. When the potentiometer circuit is balanced 
the potential drop V along the section X Y of the slide 
wire S is equal to the thermocouple e.m.f. E, and no 
signal is fed into the converter. Consider that a change 
in measured temperature occurs, V is no longer equal 
to E and a state of unbalance exists. There is now an 
input signal to the a.c.-d.c. converter which converts 
the d.c. unbalance signal to a corresponding a.c. one. 
This is amplified and the output signal from the 
amplifier is fed into the servo unit. This latter may 
take one or two forms. It may typically be a small two- 


Fig. 154. Simplified automatic null-balance arrangement 
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Fig. 153. Temperature control circuit 


utilizing a thermistor 


phase motor with windings spaced electrically go° 
apart or it may take the form of the double solenoid 
device shown in Fig. 113 of Chapter 7. The actual type 


ac. bridge 
supply 


Mechanical linkage io bridge hikes for 
tebalancing contact instrument pen 
of pointer 


Fig. 155. Simplified automatic null-balance arrange- 
ment for resistance thermometers 


need not concern us in this chapter, the function of the 
servo unit being the important factor. The output 
shaft of the servo device is coupled by means of linkage 
to the movable contact of slide wire S and to the 
pointer or pen of the instrument. The reception of the 
amplified unbalance signal by the servo unit sets the 
shaft in motion. Movement of the shaft adjusts the 
position of the contact on the potentiometer slide wire S, 
and the movement is always in such a direction as to 
rebalance the circuit. The operation continues until 
the circuit is actually rebalanced, i.e., when the new 
value of V equals the new value of the e.m.f. E. At the 
same time by virtue of the linkage to the pen or 
pointer, the position of which are adjusted at the same 
time, the new value of temperature is indicated on the 
scale or chart of the instrument. 

In the resistance thermometer design, the bridge 
supply is an a.c. one as indicated in Fig. 155. When 
the bridge is balanced no signal appears at the input 
of the amplifier. If the temperature changes, the bridge 
becomes unbalanced and an input signal is supplied 


to the amplifier. As in the thermocouple example, the 
amplified signal causes the servo unit to adjust a 
contact, in this case contact C of the variable resistance 
S between the two arms of the bridge R, andT. The 
operation persists until the bridge is rebalanced. The 
pen or pointer of the instrument is adjusted by means 
of linkage in a similar manner to the thermocouple 
system to indicate a new value. 


Books, etc., for further reading 


1. Ecxman, D. P. Industrial Instrumentation. Chap- 
ters 2, 3, 4 and 5. Chapman and Hall, 1950. 


2. Jones, E. B. Instrument Technology. Chapter 4. 
Butterworths, 1953. 


3. ATKINS, P. A.and SETTERINGTON, R.A. Thermis- 
tors in Temperature Measurement and Control. 
Instrument Practice, Vol. 13, No. 10, Oct., 1959, 
Ppp. 1042-1047. 

4. Harrison, D. N. Recent Developments Using 
Thermistors. Instrument Practice, Vol. 17, No. 9, 
Sept., 1963, Pp. 937-942. 

5. Mier, J. T. High Temperature Measurement 
with Thermocouples. Instrument Practice, May, 
1960. 


British Standard Specifications 


The thermocouple and resistance pattern of thermo- 
meters have the following specifications devoted to 
them: 

B.S.1904 Commercial Platinum Resistance Thermo- 

‘meter Elements. 

B.S.1826 Reference Tables for Platinum Rhodium v. 
Platinum Thermocouples. 

B.S.1827 Reference Tables for Nickel Aluminium v. 
Nickel Chromium Thermocouples. 

B.S.1828 Reference Tables for Copper V Constantan 
Thermocouples. 

_B.S.1829 Reference Tables for Iron V Constantan 
Thermocouples. 

B.S.1041 Code for Temperature Measurement. 

Part 3 Industrial Electrical Resistance Thermo- 

meters. 

Part 4 Thermocouples. 

Part 7 Temperature/Time Indicators. 
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Questions 


For a Copper-Constantan thermocouple a in equa- 
tion (156) is 37-54 X 10-3 millivolts/°C, 6 1s 0-045 X 
10~millivolts per °C. If T, is o°C, and T, is 100°C, 
calculate the values of the two parts of the equa- 
tion and hence the total E.M.F. in millivolts. 
(Answers 3°75, 0°45, and 4:20 millivolts.) 


The e.m.f. of an Iron - Constantan couple is 
44:39 millivolts at 800°C with the cold junction at 
o°C. If the latter alters to 15°C, what is now the 
corresponding temperature, assuming that the 
temperature-millivolts relation is a straight line 
and the variation of e.m.f. with temperature is 
0:06 millivolts per °C. 

(Answer 785°C.) 


A mistake is made in allowing for the length of 
compensating cable in an installation. Originally 
30yd were specified, and the new value is 6oyd. If 
the resistance is 0-5 ohm/yd, what is the percent- 
age error introduced into the instrument reading if 
the thermocouple resistance is I ohm, coil resistance 
50 ohm.and series or ballast resistance 400 ohm? 
(Answer 3-22 per cent.) 


Using equation (167) what is the value of 8: 

if Rjy=150-3 ohm, Ry=110 ohm, R,=273 ohm 
and T=444'6 °C? 

(Answer 1°513.) 


In Fig. 141, R,, R,, R, and T have the same value 
at one particular temperature. At this value not 
more than 0-01 watts must be dissipated in J. If 
the bridge is. balanced, and the voltage across AD 
is 2volts, what is the value of T? 

(Answer 100 ohm.) 


Assume that an installation has rooyd of 3/0-036 
from thermometer to instrument. What is the 
R,+7. i : 
To in equation (172) if 
R,=100 ohm, T=120 ohm, for an ambient tem- 
perature change from 15°C to 20°C? Take copper 
as changing its resistance 0:43 per cent, per °C. 
(Answer 0°8344 to 0-8347.) 


change in the value of 


Chapter 10 


RADIATION PATTERN THERMOMETERS OR PYROMETERS 


INTRODUCTION 


he Chapters 8 and 9g the liquid expansion, gas expan- 
sion, vapour pressure, bimetallic, thermocouple and 
resistance patterns of thermometers have been des- 
cribed. It might be thought that all temperature 
measuring requirements in industry could well be 
covered by one or other of these. But the thermometers 
have one factor in commen—they all require the 
element itself to be inserted in the medium whose 
temperature is to be measured, either directly or in a 
protecting sheath or pocket. This is not possible in all 
processes and it is necessary to look for some other 
means of measurement. One or two additional con- 
siderations demand a fresh type of thermometer. 
Temperatures in excess of 1500°C are not uncommon in 
industry, and this represents approximately the limit 
for the platinum/platinum rhodium group of thermo- 
couples. The newer developments such as the tungsten/ 
tungsten 26% rhenium or the iridium/iridium 60%, 
rhodium thermocouples extend the range to 2000°C 
and above, but there is a need for instruments which 
can measure temperatures well above the upper limit 
of any thermocouple. In any case, even if a thermo- 
couple can be considered suitable for measurement, the 
problem of a pocket material which can stand up to 
elevated temperatures must be solved. Finally, the 
conditions of operation may mean that the thermo- 
couple is liable to oxidation or embrittlement. The pro- 
vision of a reducing or inert atmosphere can safeguard 
the thermocouple against oxidation but not every 
process lends itself to the installation of equipment for 
producing such atmospheres. 

Whilst it may sound paradoxical, some system is 
needed in which the temperature measuring means can 
be installed external to the process. This brings us to 
the consideration of radiation pattern thermometers 
or pyrometers. 


SOME BASIC LAWS OF RADIATION 


The instruments to be described will be understood 
more clearly if some basic laws of radiation are con- 
sidered in a simple manner. 

All hot bodies emit radiant energy, the intensity of 
which bears a relation to the absolute temperature of 
the emitting surface. Heat radiation is a wave pheno- 
mena, analogous to light, and occupies a definite place 
in the spectrum, extending from about 1/100 of a 
micron (0-0Iy) to’ 100 microns (100p) wavelength 
(I micron (1p) is equal to 10-4cm or 10-*metres). A hot 
body, in general, emits radiation embracing several 
wavelengths. 
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Prévost’s Theory of Exchanges 


If we have two bodies A and B, of which A is the 
hotter, both emitting radiation, there is a net transfer 
of energy between them. In other words, each body | 
radiates to and absorbs energy from the other. A emits 
more than it absorbs, whilst B absorbs more than it 
emits. 

The law has a bearing on the measurement of ‘the 
temperature of a hot gas in an enclosure, for example, 
a furnace. The walls of the enclosure may be at a 
lower temperature than that of the gas itself. Sup- 
pose a thermometer is placed in the gas to measure its 
temperature. It receives heat by radiation from the 
walls, but if it tries to assume the higher temperature 
of the gas by Prévost’s law it commences to radiate 
more heat than it receives and, hence, may register a 
lower value than the true temperature of the gas. 


Emissivity and Absorbtivity 


Bodies or surfaces which possess good absorbing 
powers to thermal radiation are found to be good 
emitters of radiation. In contrast, bodies or surfaces 
which possess poor absorbing powers are poor emitters. 
Bright metal bodies are poor absorbers and emitters, 
whereas black bodies are good absorbers and emitters. 
A simple proof of this is given in most text books on 
physics and heat in the descriptions of the experiments 
with the Leslie cube and the U-tube with black and 
bright bulbs. It may assist in the assimilation of the 
fundamental characteristics of thermal radiation if a 
brief account of the experiments are given here. In the 
Leslie cube one face is blackened, one is highly polished, 
one is left unpolished and a fourth is covered with 
paper. The cube is filled with hot water and a sensitive 
thermal radiation detector is placed near it. The faces - 
of the cube are rotated so that each, in turn, faces the 
detector. It is found that more heat is radiated from 
the black surface than from any of the others, and the 
polished surface radiates the least heat. 

In the absorption experiment which is carried out 
with the U-tube, each limb of the tube ends in a bulb. 
The liquid in the tube must be non-volatile. Referring 
to Fig. 156—one bulb A is blackened and the other B 
is covered with some highly polished material such as 
silver foil. The apparatus is placed so that. the bulbs 
are at the same distance from a source of radiant heat. 
It is found that the liquid in limb A with the black bulb 
moves downwards. This is due to the black bulb A 
absorbing more heat than B with the silver foil. It 
causes a greater expansion of air in A than in B, so 
pushing the liquid in A down. 


Silver foil 


Source of radiation 


Fig. 156. Experiment to indicate absorptivity 


Since there is no better absorber or emitter of thermal 
radiation than a black body it is taken as a sort of 
standard, and its emissivity is given the value I. 
Emissivity may be defined here as the ratio of the total 
radiation from a non-black body to that from a geo- 
metrically similar black body at the same temperature. 

It is suggested by British Standard Specification 
No. 2082, Code For Disappearing Filament Optical 
Pyrometers, that the term “full radiator’? be used 
instead of ‘“‘black body radiator’. The former term 
will, therefore, be used in this chapter. 

How do we achieve full radiator conditions in 
practice? 

A large hollow enclosure of any material whose 
internal surface is not totally reflecting is brought to a 
uniform temperature. A small hole is provided through 
the wall and the radiation emitted via this hole is a 
very close approximation to full radiation. One proviso 
is that the area of the hole must be very small com- 
pared with the total internal surface area of the 
enclosure. The action can be realized if the behaviour 
of a ray falling on the aperture is followed (Fig. 157). 
In its travel it strikes the surface of the enclosure and, 
since we have stipulated that the enclosure material is 
not perfectly reflecting, the ray suffers part reflection 


Fig. 157. The establishment of full radiator conditions 


and part absorption. The reflected portion strikes 
another part of the surface and again suffers part 
reflection and part absorption. The action continues 
until the ray is virtually completely absorbed. But we 
have seen that a perfect absorber is also a perfect 
radiator and the enclosure, when acting as a radiator 
does so under full radiation conditions. Note that the 
emissivity of the enclosure material can be less than I 
in fulfilling these conditions. 

It will be apparent that we have described a state of 
affairs approximating to an industrial furnace. In some 
cases it may not be desirable to have an aperture in 
communication with the outside atmosphere. It is 
permissible then to insert a metal or ceramic tube with 
a closed end into the furnace. The closed end is heated 
to an average furnace temperature and the radiation 
emitted corresponds, to a close degree of approximation, 
to that from a full radiator. We can carry the uniform 
temperature enclosure idea one step further. Consider 
a body placed inside. The body partly absorbs radia- 
tion from its surroundings and partly reflects it. But 
the body must radiate the same amount of energy that 
it absorbs, otherwise temperature equilibrium is not 
established. When viewed from outside the enclosure 


Fig. 158. Conditions for full radiation in a furnace 


the absorbed as well as the reflected parts of the energy 
are received (Fig. 158). Since these two parts together 
are full radiation, the heated body inside the furnace 
at the same temperature can be considered to approxi- 
mate very closely to a full radiator. 


Stefan-Boltzmann Law 

An important law first enunciated by Stefan, and 
later deduced theoretically by Boltzmann, states for 
full radiator conditions that 

POLE hs es eae ak AS (178) 
where J = the energy radiated from unit area of the 
body’s surface per second. Normally in 
ergs/sq.cm/second, it is an energy density. 
8 = Stefan’s constant, 5:77. x 107° ergs/ 

second/sq.cm/(degree)*. 
T, = the temperature of the emitting surface in 

°C absolute. 

If a surrounding or neighbouring body is at a 
temperature 7,°C absolute, the net emission of energy 
from the original source is modified to: 

= DIP STS). ar ke .. (179) 
This follows from Prévost’s Theory of Exchanges. 


Calibrating 
shutter 


Fig. 159. A murror type total radiation pyrometer 


The total energy radiated, W, equals E.A, A being 
the surface area of the body, so that 
W=AS(TA—TA .....-.s (180) 
If the body is not a full radiator, its emission will be 
a fraction E of the full radiation and equation (180) 
becomes, 


W=A8E(TS{--Tf) ...... (181) 
In general it is written 
Wee KROSS TS) det leone (182) 


where K is an aggregate constant. 
We now have to consider methods of measuring W. 
Expression (182) is one for total radiation and any 
pyrometers based on it are termed Total Radiation 
Pyrometers. 


TOTAL RADIATION PYROMETERS 


The basic features of one form of total radiation 
pyrometer are indicated in Fig. 159. This pattern is 
sometimes known as the Fery pyrometer named after 
one of the pioneers of radiation pyrometry. The 
radiation from the source whose temperature is to be 
measured enters by a window of glass or (to a much 
less extent) silica or fluorite. The radiation falls on to a 
metal mirror which focuses it on a thermopile. The 
latter is typically constructed from a number of fine 
wire thermocouples connected in series. An alternative 
design in Fig. 160 dispenses with the mirror and uses a 
lens system for .focusing. The heat generated by 
received radiation causes the thermocouples to produce 
an e.m.f. bearing a relation to the temperature of the 
emitting source. 

Certain precautions must be observed with this 
pattern of instrument‘): 


(1) Cold junction compensation. The cold junction is 
usually designed to be quite close to the hot junction. 


Fig. 160. Lens type total radiation pyrometer 
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For example, in the enclosed type of couple, the cold 
junction could be at the base pins which plug into a 
holder. The terminals of the latter may be connected 
by copper cable to the indicator. The adjacent position 
of hot and cold junctions ensures that both are equally, 
or very nearly equally, affected by any ambient 
temperature change. The cold junction must be 
shielded, however, from radiation from the source, and 
conduction of heat from the housing to the couple can 
be reduced by filling the glass envelope with an inert 
gas. (Some designs evacuate the envelope.) The use of 
very fine thermocouple wire reduces conduction losses 
from the couple itself. 

Where excessive temperature rise of the pyrometer 
housing is likely to be encountered, it should be en- 
closed in an asbestos lined metal casing, or in a water- 
cooled jacket. 

If cold junction compensation is necessary, a nickel 
resistance spool is connected as a shunt across the 
thermocouple leads at the cold junction end. The 
variation of the resistance with ambient temperature is 
such that it is sufficient to compensate the thermocouple 
e.m.f. for temperature change. 

In another design, a bi-metallic compensator cuts off 
part of the incoming radiation if the temperature of the 
housing increases. 
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Fig. 161. “Fixed focus’’ conditions 


(2) Distance between the source of radiation and the 
pyrometer. This is important as the radiation must 
always be focused on to the receiving thermopile. 

There are two methods of ensuring this, by mirror 
or lens. 

In the first, the position of the mirror may be 
adjusted, so that with varying distance of source from 
mirror the radiation is always focused to the same point. 
In a typical design, a concave mirror of polished stain- 
less steel is adjustable by a rack and pinion. Two 
small mirrors, inclined to one another, are placed near 
the receiving disc. Viewed through the eyepiece, an 
image of the source is seen. When the instrument is 
correctly focused by adjusting the position of the con- 
cave mirror, the image will appear as a whole. When 
incorrectly focused, a split image can be seen. 

In a second method, the arrangement shown in 
Fig. 161 is used. Here, the position of the lens or mirror 
is fixed, but the cone of radiation must always be such 
as to fill aperture CD. CD then becomes a secondary 
source, and provided it is completely covered the 
radiation is always brought to the same focus. The 
instrument becomes independent, within limits, of the 
distance from the source, and is termed a fixed focus 
pyrometer. From the geometry of Fig. 161, it can be 
seen that the relation between the distance L, the 


aperture diameter d, / the distance between aperture 
and O, and source diameter a, is 


l 
c= ; Mages A coast as 2u) (183) 
If a, the angular aperture, is known, 

a or ee (184) 

2 sin— 

a 

and DL =— E)_..........n. (185) 

2 sin— 


Thus, provided certain minimum requirements are 
observed, the radiation will always fill aperture CD. 

The pyrometer geometry is usually arranged so that 
the diameter of the source of radiation, a, must be at 
least ;/5 of the distance L. 

(3) The atmosphere between the source and pyrometer. 
This should be kept clear of any absorbing media such 
as fumes or smoke likely to cause errors. (See also 
Two Colour or Ratio Pyrometry.) 

(4) Lens or mirror must be kept clean, and the 
mirror in a polished condition. 

(5) Corrections must be made where the source does 
not fulfil full radiator conditions. 

(6) The Stefan-Boltzmann law as regards the fourth 
power does not necessarily hold for every pyrometer. 
A truer statement would be 


W=K(TP—T,») ........ (187) 


where 6 is an index which Burgess and Foote (Charac- 
teristics of Radiation Pyrometers, National Bureau of 
Standards) found to vary from 3-28 to 4-26 for 22 tested 
instruments. The average was 3°89. The fourth power 
law should not be used indiscriminately to extend an 
existing calibration. A typical range for total radiation 
pyrometers is from 500°C-2000°C. 


PHOTOCELL PYROMETERS 


Photocells have been introduced as_ radiation 


detecting devices in pyrometry. The lead-sulphide cell,. 


because of its characteristics, has been widely used. It 
is thought that a description of one development will 
illustrate the potentialities of photccells in pyrometry. 
This is.an infra-red pyrometer. . 

The pyrometer comprises two units: the viewing 
head and the control unit. The infra-red sensitive 
element, housed in the viewing head, is a lead-sulphide 
cell, located behind a rotating ‘‘chopper”’, or serrated 
disc, in such a manner that it is irradiated alternately by 
the heated body under measurement and by a tungsten- 
filament comparison lamp. An alternating voltage is 
thus produced across the cell and the value of this 
voltage is zero if the level of radiation from the two 
sources is ‘the same. 

The circuit in the control unit adjusts the comparison 
lamp current so that the alternating voltage across the 
lead-sulphide cell is kept at a minimum. This current 
adjustment is entirely automatic, requiring no attention 
from the operator. It is the lamp current, indicated on 
a meter at the front of the unit, which is a function of 
the temperature of the body being measured. The cell 
is thus used as a ‘“‘null’’ detector, and the small inherent 
drift in its sensitivity is unimportant. 


The incoming infra-red radiation is focused on to the 
lead-sulphide cell by an objective lens, mounted at the 
inner end of the lens tube. The sensitivity of the 
pyrometer is such that it is necessary when measuring 
high temperatures to attenuate the incoming radiation 
to bring the meter current within the range of the 
instrument. For this purpose, two removable ‘‘stops’’, 
or masks, are provided for insertion into the lens tube; 
one reduces the aperture area by ten and the other by 
one hundred. Further attenuation can be obtained by 
interposing heat-absorbing glass (i.e., an infra-red filter) 
between the surface under test and the viewing head. 

Use of the stops provides three temperature ranges: 
150°C-400°C on full aperture; 300°C-600°C on the 
medium aperture stop; and 400°C-1200°C on the small 
aperture. The last range can be extended to 2000°C 
by the use of an infra-red filter. The lowest range is 
used for bodies at ‘‘black”’ heat. 

The smallest area which can be viewed is a circle 
o-4in. diameter; for this, the lens tube, fully ex- 
tended, must be as close as possible without actually 
touching the surface under test. The diameter of the 
circular area increases by rin. for each foot increase of 
distance. 

As the reading depends on so many independent 
variables, the instrument must be calibrated for each 
application under similar conditions to those in which 
it is to be used. Once the instrument has been cali- 
brated for a given material and surface finish, at a 
given distance, no further calibration is necessary 
unless any of these conditions are changed. 


RADIANT ENERGY AND WAVELENGTH 


If a heated body becomes luminous, the luminosity 
can become a measure of the temperature of the body, 
since a relation exists between the two. Unfortunately 
different materials have different luminosities at the 
same temperature. A factor &, called the spectral 
emissivity is involved. This is defined as the ratio of 
energy radiated per unit area at a certain wavelength 
to the energy radiated per unit area by a full radiator 
at the same temperature. To take some practical 
examples from B.S.2082, at wavelength A = 0°65n, for 
clean molten steel ¢, is 0-35, but for solid oxidized 
iron € is 0-98 (at 800°C). or 

A useful equation connecting wavelength, emissivity, 
temperature and radiant energy is due to Wien: 


Ji =Car [exp (C,/AT)}-2 . (188) 
where J, = the energy radiated at wavelength A. 
T = the absolute temperature of the body in °K 
(degrees Kelvin). 
C,, C, = constants C, = 1-438cm degree. 
A = wavelength of radiation in cm. 
For reasons given in the first paragraph the tempera- 
ture as measured by the luminosity is not necessarily 


the true temperature. If S is the luminosity tempera- 
ture and e, the spectral emissivity, 


Ja = &C,A-* [exp (C,/AT)]-* 


. . (189) 
= C,A-* [exp (C,/AS)}-* : 
From which, 
é, = exp (C,/AT —C,/AS)  . . . . (190) 
noses tla tyes (x91) 
Cs T § 


B.S.2082 includes a series of curves based on equa- 
tion (191). Values of the correction (T-S) in °C which 
must be added to the observed temperature (S°C) are 
plotted for values of e, ranging from 0°05 to 0°95. 
The wavelength selected is 0-65. 

If such corrections are to be applied to a measured 
temperature the value of ¢, must be known reasonably 
accurately. If ¢, is not known, a value may be obtained 
from B.S.2082. Note, however, that the figures given 
in this specification are for certain conditions only and 
the latter may not apply to those of the actual measure- 
ment. 

We can now deal with instruments for measuring 
luminance temperature, i.e., optical pyrometers. 


OPTICAL PYROMETERS 
Disappearing Filament Type 
A common form of pyrometer is the disappearing 
filament pattern, as shown in Fxg. 162. 


It measures the intensity of a monochromatic beam 
of the visible light radiated by a hot body. 


Fig. 162. Basic features of an optical pyrometer 

In one type, the radiation source is viewed through a 
telescopic system consisting of objective lens A and 
eyepiece B. Inside the telescope is a small lamp C 
heated by battery D. The current through C is adjust- 
able by resistance R and a milliammeter is connected 
in the heating circuit. A red optical filter is inter- 
posed between eye and lamp. On looking through 
the eyepiece, the source is seen as a bright circle, 
square, rectangle, or other shape, and in the centre of it 
is the image of the filament of the lamp. The resistance 
R is adjusted until the brightness of the filament is 
equal to that of the radiation. When this occurs, the 
filament image appears to merge into the radiation 
image and present a uniform picture to the eye. This 
is indicated in Fig. 1630. If the filament is not as bright 
as the source image, it appears dark against a lighter 
background (Fig. 163a). If, on the other hand, the 
filament is brighter than the source it appears as a 
light band against a dark background (Fig. 163c). 
The transition points between a, b, and c are definite, 
and different observers can record the same values 
within small limits of personal error. 


Fig. 163. Lamp filament as viewed through eyepiece 
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Fig. 164. Alternative circuit for optical pyrometer 


In another design, popular in portable versions, the 
battery V is located in the handle. The milliammeter 
M, calibrated directly in °C or °F, is situated just 
below the telescope section, where it is easily observable 
by the operator as he looks through the eyepiece. 
In Fig. 164 the lamp L is connected as one arm of a 
Wheatstone bridge with fixed resistances R,, Rp, Rg. 
The variable resistance S, adjustable by means of a 
milled ring on the telescope body, is in the battery 
circuit. As its value is altered, the current through the 
lamp changes until its brightness is at the right value. 


TWO COLOUR OR RATIO PYROMETER 


Consider Wien’s equation for two different wave- 
lengths, A, and A, 


Ji = E,C,A,-* [exp (C,/A,T)]-? . . « (192) 
To = EqCyrq75 [exp (Ca/AgT)]-* . « - (193) 
The ratio of the two radiations is 
E,C,A,~5 [exp (C,/A,T)]-3 
Si EG P \o/Aa + (194) 


Ja EgCyAa-® [exp (Co/AgT)]-* 


Bat ag (= 1) 
Ea,5 exp E & = ) yin (195) 


It has been suggested that for certain applications 
the emissivities E, and E, could be assumed equal. 
Equation (195) could then be reduced to: 


R = 


R= Cyexp(C fh):  . a26soes . (196) 
As 
where C, = 8 
I I 
CC G a 
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Equation (196) implies that by a measurement of the 
ratio of two radiation intensities at given wavelengths 
the temperature of a body may be determined. This 
has given rise to the name two colour or ratio pyro- 
metry. Since the particular wavelengths chosen are 
normally both in the infra-red region, ratio would seem 
a better description than two colour. 

Observe that the ratio concept renders the measure- 
ments less susceptible to dust or smoke in the atmo- 
sphere between the radiation source and pyrometer, 
assuming, of course, that the effect of the dust and 
smoke is the same at both wavelengths. 

Provided the radiation fills the same viewing area at 
both wavelengths it is not necessary for it to occupy the 
whole of an inlet aperture as in the other optical 
pyrometer described. 

But the most significant feature of the ratio pyro- 
meter must be the minimizing if not the elimination of 
the effects of emissivity values and variations. This 
can be seen from equations (195) and (196). 

A practical design of a ratio pyrometer is not easy 
and the number of models available is not large. Space 
does not permit of a detailed description of each, but 
brief particulars of the principal types follow. 

A paper by T. P. Murray and V. G. Shaw(5) describes 
the Latronics ratio pyrometer. The instrument 
utilizes a photomultiplier as a radiation detector. 
The basic arrangement is shown in Fig. 165. The radia- 
tion is focused into the radiation detector by a lens 
system. Interposed between the radiation source and 
the detector is a rotating disc containing two filters 
which transmit wavebands in different parts of the 
spectrum. Let us call these for descriptive purposes 
‘‘a” band and ‘‘b” band. The output from the photo- 


Vdetector 


Time ——= 
Fig. 166. Signal waveforms of Latronics ratio pyrometer 


multiplier cell is in the form of square-edged pulses as 
indicated in Fig. 166. V,, the output from the cell 
corresponding to the “‘a’”’ band, is compared with a 
reference voltage and is maintained at a constant value 


by the closed loop control circuit. 


Control 
circuit 
Reference 
vol tage 


Fig. 165. Block diagram of Latronics 
ratio pyrometer (Originally known 
as‘ the Shawmeter) 


Output 


Voltmeter 
circuit 


V;, is the cell output voltage corresponding to the ‘‘b”’ 
band of radiation. This is not kept constant, but is 
allowed to vary. V, must then be proportional to the 
ratio of the radiation energies in the two bands. 

If the original paper is consulted, it will be found that 
the instrument achieved excellent results in a steel 
works. 

On the British side, T. Land(*®) makes reference to 
designs of his own in a paper to the Society of Instru- 
ment Technology. These use two detectors instead of 
one as in the Shawmeter. The radiation beam is split 
into two parts. One is transmitted to a detector 
sensitive to one waveband in the spectrum and the other 
part is transmitted to a second detector sensitive to 
another waveband. One design utilizes a silicon cell 
and a thermopile as detectors. Another design 
incorporates a silicon cell and a selenium cell as 
detectors. 

A design by Joseph Lucas Ltd. has been developed 
to measure rapidly varying temperatures, from 150°C 
upwards, on moving surfaces of varying emissivity. It 
uses indium antimonide photocells and infra-red filters 
to obtain electrical signals proportional to intensity in 
two different wavebands. The instantaneous ratio of 
these two intensities is computed by means of logarith- 
mic function generators followed by a differential 
amplifier. Calibration charts are plotted on paper of 
log intensity against reciprocal of absolute temperature. 


PYROMETERS FOR MODERATELY LOW 
TEMPERATURE MEASUREMENT 


An increasing need for measurement of the tempera- 
tures of surfaces at moderately low values has led to the 
development of a number of designs. In addition to 
the Lucas model just described, two more are selected 
as typical. The temperature range involved is of the 
order of 50°C to 200°C. 

In the first example the lead-sulphide photocell has 
been used as the radiation detecting device. This 
particular instrument is due to the British Scientific 
Instrument Research Association(7). Fig. 167 indicates 
the principles. A heater emitting full (black body) 
radiation is placed in the vicinity of the surface whose 
temperature is to be measured. This radiation falls on 
the surface and some is reflected back to the photocell. 
If y is the reflectivity of the surface, the radiation 
reaching the cell can be represented by 7Q,, where Q, is 
the radiation emitted by the heater. The surface emits 
radiation due to its own temperature. If e is the 
emissivity of the surface then radiation eQ, reaches the 
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Fig. 167. Principle of BSIRA pyrometer 


cell from this source. But in addition there is direct 
transmission of radiation from the heater to the cell 
of Q,. We have virtually two beams incident on the cell: 

(rQ, + eQ,) from the surface, 

Q, direct from the heater. 

Now the heat supply to the heater is adjustable by a 
servo system, and each of the two beams is modulated 
alternately by a suitable chopper. If the radiation in the 
two paths is not equal, a signal of modulation fre- 
quency is produced. This can be used to operate the 
servo system to adjust the heat supply until the 
temperature of the heater is the same as that of the 


surface. Then the following condition holds: 
Q, = QO. = Q (heater radiation) . (197) 
For specular reflection (7 + ¢) = z, hence 
(7Q,+¢Q,)=Q(ir+e)=Q  ..... (198) 


Under these conditions, the alternate chopping of the 
two paths produces no signal of modulation frequency 
at the cell. A pen mechanism coupled to the servo 
system enables a recorder to be used. The accuracy is 
stated to be +2°C under good conditions and +5°C 
under less favourable conditions. 

The second example uses a sensitive heat flowmeter 
and is due to the T.N.O. and T.H., Delft‘8). The heat- 
flow unit is shown in Fig. 168. It comprises a Teflon 
tape wound with half coppered constantan wire. In 
this manner a series of thermocouples is obtained with 
the hot junctions on one side and the cold junctions on 
the other. The pyrometer unit is placed very close to 
the surface whose temperature is to be measured. The 
front of the heatflow unit is presented to the surface 
whilst the back surface is heated by a heater. The 
electrical heating supply is adjustable by a Variac 


Fig. 168. Construction of TNO 
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Fig. 169. Circuit of TNO pyrometer 

pattern transformer. The adjustment is carried out by 
means of a servo motor (Fig. 169). Now if a difference 
in temperature exists between the front and back of the 
heatflow unit, the thermocouple arrangement pro- 
duces a signal which is supplied to the amplifier. The 
amplifier output operates the servo motor which adjusts 
the heat supply until a heat balance is achieved and 
the temperatures at the front and back of the unit are 
equal. It is then considered that because of the close 
proximity of the unit to the surface the front tempera- 
ture is the same as that of the surface. A thermocouple 
inserted between the Teflon tapes enables the tempera- 
ture to be recorded or indicated. 
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Chapter 11 


MEASUREMENT OF MOISTURE CONCENTRATION IN AIR AND OTHER GASES 


INTRODUCTION 
KNOWLEDGE of the concentration of water 
vapour in air and other gases is of considerable 
importance in a variety of industries. Two well-known 
examples are tobacco and textile manufacture. The 
concentration is measured in terms of relative humidity, 
absolute humidity, dew point and weight concentration. 
Let us commence with a consideration of relative and 
absolute humidity. 


RELATIVE HUMIDITY 

For the purposes of explanation let us restrict our- 
selves to the atmosphere which normally contains a 
percentage of water vapour. The vapour itself exerts 
a pressure which we will call fy. The air exerts a 
pressure which we will call p,. The total pressure P of 
the moist atmosphere is: 

P=pyt+ha .- : : . . _ (199) 

Under such circumstances each constituent is said 
to exert a partial pressure. The definition of the latter 
is the pressure which the constituent would exert if it 
alone occupied the volume. 

The relative humidity H, is the ratio of the partial 
pressure p, of the water vapour actually present in a 
given volume of air to the partial pressure p, of the 
water vapour required to saturate the same volume 
of air at the same temperature. It is normally expressed 
as a percentage: 


A,= Pv x 100 . ; : ‘ . (200) 
‘If water vapour is considered to obey the gas laws 
pV = WYRT ‘ , ; : . (201) 


and pV = W,RT , , : (202) 
where V = the volume of moist air. 
p =the partial pressure due to the water 
vapour present in V. 
ps =the partial pressure which would be 
exerted by the water vapour required 
to saturate V. 
W, = the weight of vapour present in V. 
W, = the weight of vapour required to saturate V. 
T = the absolute temperature. 
R = aconstant. 
From (201) and (202), 


Wy 
ae Sr (203) 
Ps s 
so that, 
H, = ale x I00 (204) 
| W. e ° . . 4. 


Although air only has been mentioned, the argument 
applies to gases in general. 


METHODS OF MEASURING RELATIVE 
HUMIDITY 
The names hygrometer or psychrometer are fre- 
quently applied to relative humidity measuring 
instruments. One type universally used is the wet and 
dry bulb hygrometer, and this is described first. 


Wet and Dry Bulb Hygrometer 

When water changes from the liquid state to the 
vapour, i.e, as it evaporates, it requires heat in the form 
of latent heat to perform the operation. The supply of 
heat by the water tends to lower its temperature. The 
rate of evaporation is dependent on the amount of 
moisture in the atmosphere. Upon these basic facts 
it is possible to construct a humidity measuring 
instrument known as the wet and dry bulb hygrometer. 


WET & DRY BULB THERMOMETER 
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Fig. 170. Mercury-in-glass type of wet and dry bulb 
hygrometer 


It comprises two thermometers and a simple design 
is shown in Fig. 170. Round the bulb of one thermo- 
meter is a tight fitting cotton wick which dips into a 
vessel of water. This is termed the wet bulb thermo- 
meter. The second thermometer, in an -adjacent 
position, is normal and known as the dry bulb thermo- 
meter. The action of the water evaporating from the 
wick of the wet bulb thermometer cools the bulb, and 
its temperature, Tw, falls below that of the dry bulb, 


Tp, by an amount depending upon the relative humidity 
of the air. A true theoretical explanation of the process 
has been sought but to some extent the equation 
relating the various factors remains empirical: 

p=f,—AP(Tp—Tw) . ‘ . (205) 

where # = the vapour pressure due to the vapour 
actually present in the air. 

p, = the saturation vapour pressure at the wet 
bulb temperature T w. 

A = aconstant. It is found to be dependent on 
the dimensions of the wet bulb if the 
velocity of air stream past the bulb is less 
than about 1oft/second. Precautions 
should be taken to ensure that the air is 
in movement at this or greater values, 
if accurate readings are to be obtained. 

P = the atmospheric pressure. 

Tp = the dry bulb temperature. 
Tw = the wet bulb temperature. 
Rearranging equation (205), 


—=>]J-- (Tp — Tw) < é (206) 


Ha= # xX 100 = E -<0» — Tw) |r00 . (207) 
s s 

Tables based on the above formule are issued by 
various manufacturers and the Meteorological Office. 
These are normally in terms of the wet bulb depression 
(Tp — Tw) and the dry bulb temperature Tp, i.e. the 
temperature of the air at which the humidity requires 
to be known. Usually the table values are calculated 
for P = 760mm of mercury, but corrections can be 
made for other values of atmospheric pressure. Unless 
the change is large, errors are not serious. 

Two developments of the wet and dry bulb hygro- 
meter in which an adequate flow of air past the wet 
bulb is ensured are described below. 


Fig. 171. Sling or whirling 
pattern wet and dry bulb 
hygrometer 
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Sling Hygrometer or Whirling Hygrometer 

Two mercury-in-glass thermometers are securely 
fastened in a frame pivoted on a handle (Fig. 171). The 
wet bulb assembly with its wick is so constructed that 
it cannot spill during operation. The frame is rotated 
by hand, in a very similar fashion to a sports rattle, 
the motion of the thermometer bulbs through the air 
producing a relative velocity equal to or greater than 
the value necessary to keep A, in equation (205), 
constant. The thermometer readings are noted and the 
relative humidity must be found from the ther- 
mometer readings and tables. 
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Fig. 172. Assmann pattern 
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wet and dry bulb hygrometer 
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Assmann Hygrometer 

In this design, the mercury-in-glass bulbs are 
situated in two small metal tunnels which form part 
of a small duct. At the top of the duct is a fan driven 
by a clockwork or electric motor. In operation, the fan 
draws air up through the small tunnels, past the bulbs, 
and exhausts at the top of the duct (see Fig. 172). 
Again, the two thermometer readings must be observed 
and the relative humidity found from tables. 


Industrial Types 
Mercury-in-steel Hygrometers 

Wet and dry bulb hygrometers constructed from 
mercury-in-glass thermometers, as in Figs. 170, 171 or 
172, have the advantage of simplicity but are not 
necessarily suitable for industrial plants where robust- 
ness is demanded. Neither are they of any use where 
a continuous record is required. For process applica- 
tions, therefore, recourse must be made to one of the 
types of thermometers described in Chapters 8 and 9, 


Fig. 173. Mercury-in-steel pattern wet and dry bulb 
hygrometer 


and of these, mercury-in-steel thermometers have been 
widely used. The basic features of a design utilizing 
this type are indicated in Fig. 173. The two thermo- 
meters are situated in ducts B, through which air is 
drawn by fan C operated by motor D. The wet bulb 
is covered with a sleeve of material which dips down 
into a trough of water below the ducts. The water in 
the trough must, of course, be maintained at a sufficient 
level to keep the sleeve saturated. Observe that a two- 
pen recording instrument is shown, one for the dry 
bulb and the other for the wet bulb. As in the mercury- 
in-glass type of hygrometer, it is necessary to determine 
the relative humidity values by referring to tables. 
The last feature is inherent in this type of hygrometer 
and an instrument reading directly in percentage 
relative humidity is an advantage. For this purpose 


electrical resistance thermometers of the general 
pattern described in Chapter g have been used. 
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Fig. 174. Electrical resistance pattern wet and dry 
bulb direct reading hygrometer 


Electrical Resistance Wet and Dry Bulb Hygro- 
meter 

A direct reading electrical resistance wet and dry 
bulb hygrometer is indicated in Fig. 174. It comprises 
two Wheatstone bridges. In one are a wet bulb thermo- 
meter A and a dry bulb thermometer B in opposite 
branches. The out-of-balance current is then a measure 


of the difference in their resistances and hence in their 
temperatures. A second dry bulb thermometer is 
connected in one arm of the other Wheatstone bridge, 
and the out-of-balance current here is a measure of the 
dry bulb temperature. The outputs of the bridges are 
fed to coils of a cross coil galvanometer as shown in 
Fig. 174. Since the deflection of the coil is proportional 
to the ratio of the currents in the two coils, the instru- 
ment scale may be calibrated directly in percentage 
relative humidity. 

The accuracy of such an instrument may be of the 
order of 3%. 


Hair Hygrometer 


Human hair possesses the property of changing its 
dimensions, in particular the length, with the variation 
of moisture content in the air. The physical basis of 
the operation is beyond the scope of this course, but is 
explained in ref. (4). 


Fig. 175. Elementary 
hatr hygrometer 


It may be apposite to quote here one equation in 
that reference: 


100 
x = K.T. log, 7 (208) 
where x = the change per unit initial length (saturated). 
K = a constant. 
T = the temperature of the atmosphere in °C. 
absolute. 


H, = the relative humidity. 

The equation shows the change in length of the hair 
is dependent on the temperature of the air, and the 
relative humidity. The logarithmic relation is unfortu- 
nate in the sense that the instrument scale tends to 
become rather contracted at the higher humidity 
values. W. E. Knowles Middleton and A. F. 
Spilhaus() suggest that from o to 100% relative 
humidity the percentage change in length is 24. Fig. 
175 shows a simple hair hygrometer movement. A is the 
hair element, D the pointer, CBFE a counterbalanced 
lever system and G a zero adjustment. 


Whilst the instrument possesses the advantage of 
being a direct reading hygrometer, it has some draw- 
backs. It is not particularly accurate—a_ typical 
manufacturers’ figure is 3 to 4 per cent. Rapid changes 
of humidity or temperature are likely to cause incorrect 
readings, and the element may take some hours to 
regain its normal condition. Temperatures above 160°F. 
are not recommended as the hair tends to become 
brittle, and below 15°F. a semi-permanent change in 
length takes place. The hygrometer is normally adjusted 
in the factory at a temperature of 60°F. to 65°F., and 
the recommended working temperature range is about 
40°F. to 80°F. Outside these limits, errors are intro- 
duced; the instrument reads high at the low tempera- 
tures and low at the high temperatures. 

In an effort to avoid the trouble caused by extreme 
humidities and temperatures (due, it is considered, to 
tension introduced into the hair element), one maker 
has fixed the hair to one end of a perforated tube and 
draws air over it by means of a small electrically driven 
fan. It is claimed that stable readings are produced in 
one-tenth of the time required in the normal type. An 
optical lever is used to produce a spot which travels up 
and down a translucent scale. With such an arrange- 
ment it is claimed that the accuracy is improved to 
about I per cent. 


Gregory Hygrometer 

Certain substances such as lithium chloride are 
hygroscopic. This means that they have the power to 
absorb or give up moisture to the surrounding atmo- 
sphere until a state of equilibrium is reached between 
the vapour pressure of the substance and the partial 
vapour pressure of the water vapour in the atmo- 
sphere. Consider a length of suitable fabric 
impregnated with lithium chloride. To the element 
so formed a low a.c. voltage is applied by means 
of two electrodes. It is found that the electrical 
resistance or conductivity varies in proportion to the 
amount of moisture absorbed or given up to the 
surrounding atmosphere and becomes effectively a 
means for measuring directly the relative humidity. 
The behaviour is analogous to that of an electrolyte in 
which the resistance or conductivity varies with the 
concentration of the salt in water. 

The derivation of an equation connecting the 
various factors involved is not easy and reference (4) 
should be consulted for full theoretical treatment. It 
is sufficient to say that the resistance R of the element 
is a function of the relative humidity Hp and tempera- 
ture 7, i.e. 

R=f(A,T) . : : , . (209) 

A hygrometer based on the electrolyte principle 
involves normally threads of fibreglass, plastic or 
similar material impregnated with lithium chloride and 
wound on an assembly of platinum electrodes as in 
Fig. 176. A relatively large surface is exposed to the 
medium whose relative humidity is to be measured 
and there is a high speed of response. 

The measuring circuit can take the simple form of 
Fig. 177 where the element acts as a variable resistance 
in series with a milliammeter. The voltage supply must 
of course be stabilized otherwise variation can affect 
the reading. Since the element is virtually a variable 
resistance it can also be used as one arm of a resistance 
bridge circuit. The bridge is balanced at one basic 
value of relative humidity and the out-of-balance 

current used as a measurement at all other values of 
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Fig. 176. Gregory pattern hygrometer 
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Fig. 177. Simple circuit for Gregory pattern hygrometer 
with barretters for stabilization 


relative humidity. In either circuit the indicating 
instrument (or recorder) can be calibrated directly in 
humidity values. 

Equation (209) indicates that the hygrometer is 
temperature dependent and if the instrument is used 
at any other temperature than that for which it is 
calibrated corrections may be necessary. 


Typical ranges are 10% to 60% relative humidity 
and 15% to 100% or intermediately. If the work by 
H. Spencer-Gregory and E. Rourke) is consulted, it is 
suggested that if a hygroscopic solution can be produced 
in a state of tension, the saturation vapour pressure 
would be very much lower than the normal value at 
the same temperature. The property of electrolytic 
conduction or resistance would be retained. It is 
claimed that, if this could be achieved, values of 
less than 1% relative humidity could be measured. 


ABSOLUTE HUMIDITY 


This is defined as the weight of water vapour present 
in unit volume of moist air or gas at a given tempera- 
ture. . 


Methods of Measuring Absolute Humidity 
Thermal Conductivity Hygrometer 


The heat lost per second from a heated wire sur- 
rounded by gas in a chamber or cell can take place by 
conduction, convection and radiation. If one could 
arrange by design that the loss is wholly by conduction, 
then the rate of heat loss would vary solely with the 
thermal conductivity of the gas. The conductivity is 
greatly influenced by the concentration of moisture 
in the gas, and this suggests a method of measuring 
absolute humidity. 


A 


Fig. 178. Thermal conductivity pattern hygrometer 


Consider Fig. 178, R, and R, are resistar.ces and form 
two arms of a Wheatstone bridge. R, and R, are loops 
or spirals of a wire of identical resistances, such as 
platinum, contained in similar cells. In one is the gas 
whose humidity is to be measured (the measuring 
cell) and in the other is the same gas in a saturated or 
dry condition (the reference cell). A difference in 
moisture content of the gases in the two cells leads to 
a difference in temperatures and in resistances of the 
loops or spirals. The bridge is balanced at a datum 
value of moisture content and the out-of-balance 
current is, therefore, a measure of the moisture content 
at any other value. 

In practice, the gas is passed through the measuring 
cell in the moist condition and is then thoroughly dried 
by a suitable absorbent. It is next passed through the 
reference cell in the dried condition. The sampling 
must be carefully regulated in view of the necessity to 
avoid convection losses and to ensure that the flow 
rate is the same through each cell. 


Infra-red Hygrometer 

Whilst the infra-red instrument here described is a 
general analytical instrument it has a particular 
application in the detection of moisture content in a 
gas. ‘ 


Fig. 179. Infra-red pattern 
of comparator suitable for 
moisture content measure - 


ment 


If reference is made to Fig. 179, it will be seen that 
two identical tubes BB are involved. In the left-hand 
one is the reference gas and in the right-hand one the 
gas whose humidity is to be determined. The radiation 
from two identical heaters 4A passes through the 
tubes to a differential detector CC. Obviously, if the 
reference tube contains the gas in a dry condition, the 
intensity of radiation reaching the detector via this 
tube is different from that reaching the detector via 
the tube containing the gas in a moist condition since 
some radiation is absorbed by the latter. If a suitable 
detector is used an electrical signal may be obtained 
and the electronic null balance measuring system 
incorporated. The indicator or recorder can be cali- 
brated directly in terms of absolute humidity. The 
instrument is suitable for continuous sampling since 
the gases can be arranged to flow continuously through 
the tubes. It is possible to allow the moist gas to flow 
through one tube, dry it thoroughly and then pass it 
through the reference tube to obtain a differential 
signal. 

DEW POINT INSTRUMENTS 
Dew Point 

Dew point is defined as the temperature at which 
the saturation vapour pressure equals the partial 
pressure of water vapour in the atmosphere or other 
gas. Alternatively the dew point can be regarded as 
the temperature to which the medium must be reduced 
for water to commence condensing from it. The 
meaning will become clearer in the following descrip- 
tions of dew point instruments. If the dew point is 
below 32°F. (0°C) it is termed the hoar frost point. 


“Dewcel” Hygrometér 


The Foxboro-Yoxall ‘“Dewcel’” hygrometer com- 
prises a tube on which is wound a glass tape impregnated 
with lithium chloride. Over the glass tape is wound, 
in turn, a pair of gold wires parallel to each other but 
not touching. A low voltage a.c. supply is connected 
to the wires. Current can pass between the wires but 
only through the lithium chloride solution in the tape. 
Imagine the solution is initially in the saturated 
condition and in equilibrium with the surrounding 


atmosphere. Consider an increase in relative humidity. 
It must be accompanied by an increase in the partial 
pressure of the water vapour in the atmosphere and 
this becomes greater than the vapour pressure of the 
lithium chloridesolution. The trend then is forthe water 
vapour to condense into the solution, diluting it. The 
resistance is lowered and an increased current flows 
between the wires. This produces an_ increased 
heating effect, raising the temperature of the element. 
The action continues until the vapour pressure of the 
latter equals the new partial pressure of the water 
vapour in the atmosphere. Any further heating would 
produce a super-saturated condition of the lithium 
chloride with corresponding high electrical resistance. 
But with a high resistance the current is correspondingly 
small with a consequent drop in the heating effect. 
Hence, a state of equilibrium between the lithium 
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Fig. 180. ‘‘Dewcel”’ hygrometer 
chloride and the water vapour in the atmosphere is 
reached. To illustrate the sort of vapour pressure and 
temperature values involved, with air at 70°F, and 
40%, relative humidity, the partial pressure of water 
vapour is 0-1474lb/in*. This is equivalent to a dew 
point of 45°F. The vapour pressure of lithium chloride 
in solution at 70°F. is only 0-0434lb/in*. To achieve 
equilibrium the solution must be heated to 112°F. 
' when its vapour pressure is 0-1474Ib/in*. 

Inside the tube on which the tape is wound is a 
thermometer—the resistance pattern can be used with 


Fig. 181. Casella-Alnor hygrometer 
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advantage. The thermometer measures the tempera- 
tures at which equilibrium of the ‘“Dewcel” takes place 
and these, as can be seen from the foregoing description, 
are above those of the surrounding atmosphere. 

If the relative humidity of the atmosphere decreases, 
the partial pressure of the water vapour also decreases 
and this is now lower than the vapour pressure of the 
lithium chloride. The reverse action must now take 
place with water from the lithium chloride tending to 
evaporate into the atmosphere. The element becomes 
relatively drier and its resistance increases. The 
current is smaller and is accompanied by a corres- 
ponding drop in heating effect. The operation continues 
until a state of equilibrium is reached between the 
element and the atmosphere at the lower vapour 

ressure. The temperature of the element has been 
lowered in the process, but is still above that of the 
surrounding atmosphere. 

A general impression of the ‘“‘Dewcel” can be 
obtained from Fig. 180. To obtain the dew point of the 
atmosphere a conversion is necessary, and the con- 
version is based on the vapour pressure characteristics 
of saturated lithium chloride solutions at various 
temperatures. The actual effective range for any 
particular set of conditions depends on the temperature 
of the medium. For air at 70°F., the minimum dew 
point that can be measured is 15°F. since this value 
corresponds to the vapour pressure of saturated 
lithium chloride at 70°F. Lower readings may be 
obtained with cooling equipment. In general, the 
instrument may be used between —50°F. and +140°F. 
dew points. 

For relative humidity determination, it is necessary 
to add a dry bulb thermometer in the neighbourhood 
of the “Dewcel”’. A typical accuracy is +3°5% 
relative humidity at 70°F. dry bulb temperature and 
50° F, dewpoint. It is suitable for measurement of 
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high humidities and is claimed to be satisfactory up 
to 100% relative humidity. 

One precaution must be observed. The velocity of 
the medium across the ‘Dewcel’’ must be limited to 
50ft/min to prevent excessive heat being carried away 
in the air stream, and suitable baffling may have to be 
installed to ensure this. 


BCURA Dewpointmeter 


The British Coal Utilization Research Association 
(BCURA) developed a dewpointmeter which had a 
particular application in the measurement of the dew 
point of flue gases. This was based on the change in 
conductivity between two electrodes on a cooled 
surface when a film of moisture condenses on the 
surface at the dew point®. 


Casella Alnor Hygrometer 

If a gas is compressed from a particular pressure 
value and at a specific temperature and subsequently 
the pressure is released to another value, the gas 
expands and is cooled. The expansion should be 
adiabatic. If the pressure ratio is at the appropriate 
value, the condensation of moisture is affected. 

In the Casella Alnor hygrometer, a basic diagram 
of which is shown in Fig. 181, samples are drawn into 
the hygrometer and are subjected to progressively 
higher and higher pressure ratios until on operation 
of the release valve a cloud of moisture is seen to form 
in the observation chamber. Tables are available by 
which the relative humidity or dew point may be 
determined from the temperature at which the opera- 
tion was commenced and the pressure ratios. 

The compression is carried out by a small hand pump 
shown to the left of Fig. 181 and the expansion is 
carried out by the operating valve on the right-hand 
side of the figure. The pressure gauge by which the 
pressure ratios may be observed is at the extreme left. 
The volume utilized in each sample is very small and 
to avoid errors it is necessary to purge the instrument 
before taking a series of measurements. 

Dew point measurements down to —80°F. are 
possible at normal room temperature. 
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INSTRUMENT FLOW SYSTEM (Standard) 


Fig. 182. Block diagram of Beckman standard design 
of electrolytic hygrometer 


Electrolytic Hygrometer 

This pattern of hygrometer involves an electrolytic 
cell. In one design the cell consists of a tube with a 
pair of closely spaced platinum wires wound in a double 
helix on its inner surface. In the space between the 
wires is a film of phosphorous pentoxide. A d.c. voltage 
is applied to the cell so formed. 


If a sample of gas with a moisture content is passed 
through the cell the moisture is absorbed by the 
phosphorous pentoxide and is electrolized into oxygen 
and hydrogen ions. An electrolysis current is estab- 
lished and the value of this is proportional to the mass 
rate of flow of moisture into the instrument. The rate 
of sample flow must, therefore, be kept constant and 
this is achieved by incorporating a flow controller in 
the sample line after the cell. A normal flow rate is 
100cc/min. 

If high rates of sampling are necessary, a portion of 
the sample is diverted through a bypass system (Fig. 
182). This speeds up the response without overloading 
the electrolytic cell. 

Such an instrument is normally calibrated in parts 
of water per million parts of gas and is, strictly speaking, 
a means of absolute humidity measurement rather than 
relative humidity. 

In a typical hygrometer (Beckman Instruments) 
ranges between 0-10p.p.m. and 0-1000p.p.m. are 
available with +5% full scale accuracy. 


Books, etc., for further reading 


I. Ecxman, D. P. Industrial Instrumentation. Chapter 
6. John Wiley, 1950. 

2. Jones, E. B. Instrument Technology. Vol. II. 
Chapter 3. Butterworths, 1956. 

3. KNOWLES MIDDLETON, W.E. and Spituaus, A. F. 
Meteorological Instruments. Chapter IV. Univer- 
sity of Toronto Press, 1953. Handbook of 
Meteorological Instruments. Part I. Chapter 4. 
Stationery Office, 1956. 

4. SPENCER-GREGORY, H. and Rourke, F. Hygro- 
metry. Crosby Lockwood, 1957. 

5. Mier, J. T. Editor. Instrument Manual. 
Section XVII. United Trade Press, 1960. 

6. Frint, D. J.Inst.F. Vol. 21, p.248, 1948 and 
CORBETT, P. F., FLINT, D., and LITTLEJOHN, R. F., 
J.Inst.F. Vol. 25, p.246, 1952. 


British Standard Specifications Relating to 
Humidity Measurement 


B.S. 1051 Moisture in Relation to Textile Materials. 


B.S. 1339 Humidity of the Air: Definition, Formulae, 
and Constants. 


B.S. 2841 General Purpose Wet and Dry Bulb Hygro- 
meters. 


Questions 


1. If the partial pressure of water vapour in the atmosphere 
is 12-5mm of mercury at 20° C., and the saturation pressure 
is 175mm of mercury, what is the relative humidity? 


If the weight of vapour at saturation conditions is 0°00188 
lb/ft®, what is the corresponding weight at the relative humi- 
dity value? (Ans. 71:5 per cent and 0-00134 1b/fi*) 

2. Using formula (207), if A = 0°000656, P = 760mm of 
mercury, ps=17-5mm of mercury, Tp=20°C. and Tw= 
15°C., what is the relative humidity? (Ans. 85°8 per cent) 

3. Using formula (208) find the ratio of the values of x at 50 per 
cent relative humidity and 80 per cent relative humidity 
at the same temperature T. (Ans. 3-11) 


Chapter 12 


pH MEASUREMENT 


IONIC DISSOCIATION 


HE phenomena of dissociation is experienced in 
T solutions of acids, alkalis and pure water. It can be 
explained as the tendency of some of the molecules to 
dissociate or split up into atoms or groups of atoms. 
The dissociated atoms or groups are termed ions and 
each carries a positive or negative charge of electricity. 
The action is reversible and a state of equilibrium is 
reached where the number of molecules in process of 
dissociation is balanced by the number of molecules 
being formed by recombined ions. This leads to a 
constant number of molecules in the dissociated state 
for a given concentration and temperature. To explain 
further the operation let us first consider the example 
of pure water: 


(H,0) = (H)* + (OH)- (210) 


The relation indicates that a molecule (H,O) of water 
can split up into a hydrogen ion (H)+ and a hydroxyl 
ion (OH)- or that an ion of hydrogen and a hydroxyl 
ion can recombine to form a molecule. The hydrogen 
ion carries a positive charge and the hydroxyl ion a 
negative charge. These charges are equal and the 
molecule itself is electrically neutral. 

Since the number of ions is constant at any one 
temperature their degree of dissociation, K, must also 
be a constant at the same temperature. This can be 
represented symbolically as: 


_ (A)* x (OH)- 
7 (H,0) 


For pure water, the concentration of ions is extremely 
small, and the concentration of undissociated molecules 
(H,O) may be regarded as constant. Equation (211) 
can then be written: 


Kw = (A)+ x (OH)- (212) 


Kw is termed the Dissociation Constant for Water. At 
22°C it has been found to have the value of 10-14 gram 
equivalents per litre. Since the number of hydrogen 
and hydroxyl ions are equal, the hydrogen ion con- 
centration is 10-? gram equivalents per litre. The 
value of Ky applies not only to water but to aqueous 
solutions. 

Now let us consider a typical acid, sulphuric acid. 
The dissociation relation can be represented by: 


(H_SO4) = 2(H)* + (SO,)- ~ (213) 


(SO,) is termed the acid ion carrying two negative 
charges to balance the two hydrogen ions. In general, 
acids may be represented by (HA) where H represents 
the hydrogen radical and A the acid radical: 


(HA) = (H)+ + (A) 
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Acids may be classified as weak or strong. In the 
case of weak acids few ions are produced, and the 
hydrogen ion concentration is small. For strong acids, 
however, a relatively large concentration of hydrogen 
ions (and acid ions) is achieved. For weak acids a 
similar relation to (211) exists. 


(H)* x (A)- 
(HA) 
Now what happens in the case of an acid solution? 


As an example consider the addition of sulphuric acid 
to water or vice versa. We have two dissociation 


k= 
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equations. 
(H,0) > (H)+ + (OH)- «ow we ee (216) 
(H,SO,) = 2(H)+ + (SO)-- ee (217) 


It is clear that there is a greater concentration of 
hydrogen ions now than with water alone. But, at the 
same time, equation (212), which holds for aqueous 
solutions, must be satisfied. An increase in hydrogen 
ions infers a decrease in hydroxyl ions if their product 
is to remain at a constant value Ky. Some of the 
dissociated water molecules recombine, therefore, to 
effect the necessary reduction. 

Turning to alkalis, we have substances which can be 
given a general symbolical representation (B.OH) where 
B represents the base radical and OH the hydroxyl 
radical. The dissociation is: 


(B OH) + (B)*+ + (OH)- (218) 


Taking a common example, sodium hydroxide or 
caustic soda: 


(Na OH) => (Na)+ + (OH)- 


We next see the effect of adding an alkali to water. 
Keeping the same example we have 


(Na OH) < (NA)+ + (OH)- 
(H,0) <> (H)+ + (OH)- (221) 


The opposite phenomena occurs to that of acids. 
The hydroxyl ion is present in greater concentration 
than with water alone. This leads to a recombination 
of dissociated water molecules to reduce the number of 
hydrogen ions in solution, so that (212) may be obeyed. 
The hydrogen ions in concentration are then relatively 
small in number and are less than with pure water. 

A similar relation to the dissociation constant for 
weak acids may be obtained for weak alkalis: 


_ (B)* (OH)- 
 (BO#) 
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THE ORIGINAL pH DEFINITION AND SCALE 


Some idea of the range of hydrogen ion concentration 
encountered in practice may be shown by one acid and 
one alkali. A Normal solution of hydrochloric acid has a 
hydrogen ion concentration of 10-1 or I gram equiva- 
lent per litre and a Normal solution of sodium hydroxide 
10-4 gram equivalents per litre. With pure water the 
value is 10-7 gram equivalents per litre as we have seen. 
These figures suggest that a scale could be formed 
ranging from extreme acidity through water as a 
neutral value to extreme alkalinity. 

The large range means that any scale adopted must 
be logarithmic in character and one which has been 
extensively used owes its origin to Sorensen, a Danish 
biochemist. Denoting hydrogen ion concentration by 
Cu, 


GeSI0%* | a igtks & he bee Rees (223) 
On a logarithmic basis, 
x= —1o0g49 Cy Pe ee ee ee (224) 
orx=logig tt tt es (225) 
Cu 
Instead of x, we write pH, 
so that pH = Logie ee ee ee ee (226) 
H 
Substituting the values given previously, 
For a Normal solution of hydrochloric acid, 
I 
pH = logio = —o 
I 
For pure water, pH = log,, Seria | 
For a Normal solution of sodium hydroxide, 
I 
PH = logiw—5,= 14 


In such a scale the hydrogen ion concentration is a 
maximum at 0 and a minimum at 14. All solutions with 
pH from 0-7 possess a higher concentration of hydrogen 
ions than pure water. Values o-7 fH, therefore, 
represent acid solutions. Solutions with fH values 
7-14 have a hydrogen ion concentration less than pure 
water and represent alkaline solutions. Each change of 
1 PH is equivalent to a ten-fold change in hydrogen ion 
concentration. Note that it is possible to achieve a 
negative pH value if the hydrogen ion concentration is 
greater than I gram equivalent. 


THE BRITISH STANDARD pH DEFINITION 
AND SCALE 


Whilst the original pH definition and scale was 
not an ideal one it served for a large number of 
years. Further thought on the subject led to a British 
Standard Specification No. 1647 and the changed ideas 
may be best expressed by quoting from the specification. 

“Originally, fH was intended to denote —logy Cu 
where Cy is the hydrogen ion concentration. It is now 
realized that, if thus defined, pH is not measurable. 
In fact if pH is to be a measurable quantity it cannot 
have any exact simple fundamental significance. The 
definition adopted for pH is accordingly an operational 
one, and, to some extent, an arbitrary one.” 

A concession is made by B.S.1647 for aqueous solu- 
tions which are neither strongly acid nor strongly 
alkaline, i.e., corresponding to PH values between 2 and 
12. If the concentration of such solutions does not 


exceed #, molar (#5 gram equivalent) the H relation 
may be expressed as: 
pH = — log,, Cuf, 40°02 3... wee. 
where Cy = the hydrogen ion concentration 
f, = the mean activity coefficient of a typical 
uni-univalent electrolyte in the solution. 

This is similar to the relation (226) except for the 
activity coefficient f,. 

But the practical definition and basis of measurement 
proposed by B.S.1647 depends on the difference in pH 
values between a primary standard solution and the 
solution being measured. If the respective PH values 
are pH(s) and pH (x) the relation between the two is 
given by: 


Ex — Es 
pH(x) — pH(s) = 23026 RT|F wh eee ae (228) 
or pH (x) = pHs) + (229) 


2°3026 RT/F 
where R = the gas constant 
T = the absolute temperature °C 
F = the Faraday constant. 

Values of 2:3026 RT/F for various temperatures can 
be found in B.S.1647. Ex and Es; require some explana- 
tion. E, is the e.m.f. of the cell formed as follows: 

P,, H,/Solution x/3:5 M KCi/Reference electrode (230) 
Es is similarly the e.m.f. of the cell: 
Pt, H,/Solution s/3-5 M KCl/Reference electrode (231) 

The measurement of #H values requires the use of 
two electrodes: a measuring and a reference electrode, 
and it will be convenient at this stage if H electrodes 
are discussed as the significance of the cell expressions 
above will then become clearer. 


ELECTRODES 


Consider initially what happens when a metallic 
electrode is placed in a solution. There is a tendency 
for positive ions of the metal to enter the solution 
resulting in the solution becoming positively charged, 
leaving the metal electrode negatively charged. But if 
the solution already contains ions of the metal there is a 
tendency for ions to be deposited on the electrode, 
giving it a positive charge. The electrode ultimately 
reaches an equilibrium potential relative to the solu- 
tion. The value and sign of the potential depend on the 
concentration of metallic ions in the solution. 

Two common examples are zinc, which assumes a 
negative potential relative to solutions of its salts, and 
copper which reaches a positive potential relative to 
solutions of its salts. In passing it may be noted that 
these two electrodes and solutions of their salts form 
the basis of a Daniell cell. 

Hydrogen, although a gas, can be made to form the 
basis of an electrode. 


Hydrogen Electrode 


The hydrogen electrode involves normally a platinum 
wire (or plate) covered with platinum black. This is 
contained in a glass envelope which is either left open 
at the end or contains holes to allow contact with the 
liquid whose pH is to be measured (Fig. 183). Hydrogen 
is bubbled over the electrode wire or plate and is 
absorbed into its surface—the unit then functions as a 
hydrogen electrode. 

There are several disadvantages to the use of such 
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Fig. 183. Hydrogen electrode 
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an electrode in industrial processes and the main 
ones are: 

I. It requires a continuous supply of pure hydrogen 

gas 

2. It is susceptible to ‘poisoning’ by many sub- 

stances 

3. It is difficult to maintain, 

It does, however, form a useful standard to use as a 
basis for calibration and for this purpose the electrode 
is in contact with a 1-228 Normal solution of hydro- 
chloric acid. The effective concentration of hydrogen 
ions is then taken as unity. The potential of a hydrogen 
electrode is related to the #H value of a solution by the 
following relation 


Glass Electrode 

The glass electrode is covered by British Standard 
Specification No. 2586. 

It comprises a thin glass bulb a fused to the end of a 
hollow glass stem 6 (Fig. 184). The unit so formed con- 
tains a solution of hydrochloric acid of known concen- 
tration. Into the solution and extending down into the 


British Stan- 
dard glass electrode. Re- 


Fig. 184. 


produced by permission of 
the British Standards In- 
stitution from B.S.2586 


bulb is a silver wire d, coated with silver chloride. A 
half cell is thus formed of the type silver/silver chloride/ 
hydrochloric acid. The pH value of the half cell can be 
accurately known at any particular temperature. 
When the glass electrode is inserted in the solution 
whose #H value is to be determined, a potential 
difference, the value of which is proportional to the 
PH of the solution, is established across the glass 
membrane. 

The exact process of the establishment of the 
potential difference can be explained in an elementary 
fashion by the transport of a small number of hydrogen 
ions through the glass membrane from the solution 
with the higher hydrogen ion concentration to the 
solution with the lower hydrogen ion concentration. 
The action can be considered to continue until the 
established potential difference balances the electrical 
forces opposing motion of the ions. This is an over- 
simplification and the explanation given in most text- 
books on pH measurement 1.2), involving the introduc- 
tion of potential energy levels, should be studied. 

The electrical resistance of the glass membrane is of 
some importance and, of course, varies with the thick- 
ness of the glass. For example, a membrane of thickness 
0°05 mm may have a d.c. resistance of the order of 
5 megohms. The choice of glass also influences the 
resistance value and considerable investigation has gone 
on in recent years to develop glasses which may be used 
for relatively robust membranes and yet not result in 
excessive resistance. Note. that the resistance of the 
glass may be temperature dependent. 

Not every glass is suitable for the determination of 
PH values of solutions of high alkalinity, e.g., above 
about 10 pH. It is found that the positive base ions 
begin to influence the reading, causing it to indicate a 
lower value than the true one. Particularly is this 
pronounced with sodium ions and this has led to the 
effect being called the sodium ion error. The glass 
electrode could be calibrated with an alkaline buffer 
solution containing a suitable concentration of the 
appropriate salt, but much thought has been given to 
the production of glasses which substantially reduce, 
if they do not completely eliminate, the effect. Taking 
into account this and other factors, B.S.2586 has 
grouped glass electrodes as follows: 

(a) General-purpose electrodes for pH 1 to 10 

(b) High pH electrodes for H 9-13 

(c) Wide range electrodes for pH 1 to 13. 

The maximum d.c. resistances allowable at 25°C for 
ordinary size general-purpose electrodes is 200 
megohms, and for ordinary size high pH and wide range 
pH electrodes, 500 megohms. 

Quoting at random from one manufacturer’s cata- 
logue, the general-purpose glass electrodes are suitable 
from 5° to 80°C in acids and alkalis and for pH values 
up to 10. The high #H electrodes are suitable for 
measurements at temperatures between 15°C and 
80°C and another grade of electrodes with a low sodium 
ion error termed ‘“‘amber glass electrodes” are suitable 
for determinations of #H in solutions up to a tempera- 
ture of 100°C. 

The asymmetry potential difference effect must. be 
noted. This potential difference occurs even when the 
half cells or solutions on both sides of the mem- 
brane are identical. It is temperature dependent 
but allowance can be made for it in the design of 
the measuring circuit and temperature correction 
units, 


Other Measuring Electrodes 

It is not proposed to include detailed accounts of 
measuring electrodes which are not now in wide use in 
industrial applications. But mention must be made of 
the antimony electrode comprising a button or rod of 
pure antimony in an insulated holder, and the quin- 
hydrone electrode involving a platinum wire or plate 
to which a small quantity of quinhydrone has been 
added. Descriptions of these can be found in refer- 
ences (1) and (3). These references give, in addition, the 
reasons for their supersession by other electrodes 
described in this chapter. 


Calomel Electrode 

The calomel electrode or half cell is the widest used 
of the reference electrodes. The construction of a typical 
pattern is indicated in Fig. 185. An inner tube con- 
tains calomel (mercurous chloride), potassium chloride 
paste and mercury. For electrical connection purposes, 
a platinum wire extends down the tube and makes 
contact with the mercury. An outer tube contains 
a saturated solution of potassium chloride and termi- 
nates in a porous plug. The latter can be of glass, 
ceramic material or asbestos fibre. The potassium 
chloride acts as a “salt bridge’ and seeps or diffuses 
through the porous plug to make an effective liquid 
eee a with the solution whose fH is to be deter- 
mined. 
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Alternative designs have a small hole near the base 
of the outer tube and this is covered with a ground 
glass sleeve or a silicone rubber sleeve. These sleeves 
permit a faster rate of diffusion than with the asbestos 
fibre plug pattern generally. On.a broad basis, the 
sleeve pattern is suitable for solutions of high viscosity 
or turbidity and with slurries, oil emulsions and soap 
solutions. It may be necessary after each measurement 
to loosen the sleeve and flush the tip of the electrode. 
- The choice of potassium chloride solution in the 
electrode is made for several reasons, but the main 
one is that the potential between this substance and 
many other solutions is extremely small and can be 
made very stable. 

An expression deduced for the electrode in terms of 
the chloride ion concentration at 25°C is: 


0-0591 I 
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A reference electrode must be substantially 


stable with regard to E.M.F. At room temperature, 
the calomel electrode is reasonably satisfactory in 
this direction. 


REMOVABLE COVER 


| 


a+— COVER CLAMP 


Fig. 186. 
bridge - EJIL. 
flow type pH 
electrode assembly 


Cam- 


GLASS ELECTRODE 


REFERENCE ELECTRODE 


REMOVABLE BOWL 


DRAIN TAP 


CELL CONCEPT 


It is now possible to see the H measuring system 
as an e.m.f. cell. If we consider a combination of a 
glass measuring electrode and a calomel reference 
electrode, both contain half cells. The cell system is 
completed by the solution whose #H is being deter- 
mined. The expressions (230) and (231) become 
clearer. Expression (230), for example, comprises a 
hydrogen electrode (P;, H,), the process solution x, a 
salt bridge 3:5 M KCl and the reference electrode. 


ELECTRODE SYSTEMS FOR INDUSTRIAL 
PROCESSES 


It will be realized that the electrodes shown in 
Figs. 184 and 185 in their simple state may not be 
suitable for industrial processes without further pro- 
tection and it is proposed to give brief details of a few 
typical industrial electrode systems. 

Fig. 186, for example, is a continuous flow design. 
In it the measuring glass electrode and the reference 
electrode are fixed in a removable cover assembly, but 
dip down into the lower bowl when in use. The process 
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liquid flows from left to right round the electrodes. 
This particular model is suitable for pressures up to 
15lb/in?. 
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The model in Fig. 187, on the other hand, is designed 
for dipping or total immersion in a tank and can be 
used for installations up to rolb/in?. 

A variation of the dip type electrode system is seen 
in Fig. 188 and includes a resistance thermometer for 
temperature compensation. 


MEASURING CIRCUITS 


The e.m.f. from the pH electrode system is d.c. and 
the measuring instruments fall into two broad classes: 
1. Those which amplify directly the electrode e.m.f. 
so that the output can operate a standard indica- 
tor, recorder and controller. This class involves a 

d.c. amplifier with very stable characteristics. 

2. Those which compare the electrode e.m.f. with a 
known standard e.m.f. The  self-balancing 
potentiometer is the obvious instrument here, but 
it may involve the interposition of some form of 
d.c.-a.c. converter unit which transposes the d.c. 
e.m.f. signals to corresponding a.c. ones. 

Whichever class is used, the following general 

requirements should be met: 

1. The instrument to be substantially free from 
errors caused by supply voltage or frequency 
variations. 

2. The zero reading to be stable over long periods. 

3. The current taken from the electrode system to be 
extremely small to avoid polarization effects. 


Fig. 189. pH meter with d.c. amplification system. 
Reproduced by permission of the Cambridge Instrument 
Co. Lid. 
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4. The design to include compensation for variations 
in characteristics of components or be such that 
the output is independent of such variations. 

5. Temperature compensation to be included, either 
manual or automatic. 

6. Facilities to be included for easy checking of 
calibrations. 

With low resistance electrode systems a relatively 
simple potentiometer circuit could be used. In the low 
resistance category come the hydrogen-calomel, quin- 
hydrone-calomel or antimony-calomel electrode com- 
bination. 

The glass-calomel electrode system, however, may 
involve resistances of some hundreds of megohms, and 
the requirement of low current drain must be met. Any 
pattern of valve used for direct connection to the 
electrodes must satisfy the conditions of low grid 
current, stable anode current and maximum mutual 
conductance. The electrometer valve has been used for 
the initial amplification stage since it can meet these 
requirements, but at least one company has employed 
pentode valves as amplifiers. Fig. 189 shows the basic 
circuit of a Cambridge-E.I.L. industrial pattern pH 
meter. The amplifier uses two pentodes in a differential 
arrangement, the outputs of the two valves being 
balanced during zero adjustment. Application of the 
pH e.m.f. to the grid of one of the valves unbalances the 
circuit and causes a reading on the meter shown in the 
cathode circuit of the right-hand pentode. The meter is 
calibrated directly in PH values. Note that provision 
is made for a recorder to be connected to the amplifier. 
This particular design is stabilized by negative feedback 
so that wide changes in gain can occur without affecting 
the output current and, hence, the pH readings. 
Accuracy is stated to be 0-1 fH and zero drift is less 
than 0-1 pH in 24 hours. The grid current drain is only 
10-12 amps. Temperature compensation in this case is 
manual, but ranges from 10-100°C. The instrument is 
safeguarded against mains variation by a constant 
voltage transformer and a neon stabilizer. 
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Fig. 190. pH meter utilizing a vibrating capacitor unit 
for conversion of d.c. pH electrode potentials 


In the requirements for #H instruments the possibility 
of using a d.c.-a.c. converter was mentioned. This has 
been carried out in two systems—units using a capacitor 
as the basic component. Consider one example in 
Fig. 190. This incorporates the Cambridge-E.I.L. Vi- 
bron unit. Here, the capacitor involves one fixed 
plate, and one movable plate oscillated by an electro- 
magnetic drive. The d.c. potential difference from the 
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electrodes is applied to the capacitor system via 
resistance R,. From the vibrating capacitor C, an 
_ alternating voltage is produced, the amplitude depend- 
ing on the d.c. potential difference of the electrodes. 
The blocking capacitor C, prevents any d.c. potential 
from reaching the input circuit of the a.c. amplifier. 
A potentiometer supplies a feedback voltage and this 
opposes the electrode potential difference. If the pH 
value is stable, the two are equal and there is no input 
to the capacitor unit. If the pH changes, however, the 
electrode potential difference becomes greater or less 
than the feedback voltage depending on the direction 
of the change. An a.c. unbalance signal is fed into the 
amplifier, the servo motor is energized and the potentio- 
meter slider is adjusted in such a direction as to re- 
balance the circuit. In addition to the potentiometer 
slider, the pointer of the indicating instrument or the 
pen of a recording instrument is coupled to the shaft 
of the servo motor. By this means the presentation 
instrument reads the new value of pH. 


TEMPERATURE RELATIONS AND 
COMPENSATION 
The popular combination of glass electrode and 

calomel electrode gives rise to an e.m.f. which can be 
represented by an equation of the form: 

E=A+ BIT —CT4H 
_ where E= the e.m-f. 

I = the temperature in °C or °C absolute. 
A, B, and C are constants. 


Constant A, it will be observed, is not associated with 
either temperature T or #H and can be off-set by a 
suitable bias in the measuring circuit. This reduces the 
equation to 


E=BT—CT#H ............, (235) 
The first term is proportional to temperature only 
but the second is proportional to both temperature 
and #H. Suppose now that the temperature changes 
from T to 7,. Then, 
E£,=BI,—CT,pH «1.2... (236) 
and EF; - E=B(T,—T)—C(l,—T) pH. . (237) 
Fig. 191 shows the e.m.f. plotted against ~H values 
for equation (237). 
We see that the BT term results in a zero change, but 
the CT pH term involves a change in slope. The former 


term produces a zero shift of the scale whilst the latter 
term increases the scale length. 

Complete temperature compensation must take 
account of both factors and automatic methods are 
desirable. 

The electrical resistance thermometer has been 
extensively used for automatic compensation purposes. 

Space does not permit detailed descriptions of the 
various arrangements, but briefly, the methods depend 
on whether partial or complete automatic compensa- 
tion is desired. The change in slope corresponding to the 
CT pH term can be compensated by using a resistance 
thermometer to vary the gain of the main amplifier. 
For complete compensation, ie., including the zero 
shift, it is necessary to introduce a compensating 
voltage into the circuit. This has been carried out in the 
case of one manufacturer by using a resistance thermo- 
meter with double windings. One winding is connected 
in the feedback circuit of the main amplifier and serves 
to correct a change in slope. The other winding is 
connected to one arm of a resistance bridge. The bridge 
output voltage is then used to compensate for zero 
shift. The voltage is made adjustable by a suitable 
manual control so that it can be made to satisfy the 
characteristics of any electrode combination. 


Buffer Solutions 

In the calibration of pH equipment it is necessary to 
have standard solutions, the pH values of which are 
known accurately. These solutions undergo relatively 
little change of pH value on the addition of acid or 
alkali or with a large change of concentration. They 
usually consist of a mixture of a weak acid and its 
salt, of a strong alkali or of a weak base and its salt 
with a strong acid. 

B.S.1647 contains fuller details of such solutions 
which are known as buffer solutions. 


Questions 
No questions are appended to this chapter. 
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Chapter 13 


FEEDBACK AND AUTOMATIC CONTROL 


INTRODUCTION 


oe the preceding chapters the measurement of the 

principal physical conditions such as pressure, tem- 
perature and flow have been described. Consideration 
must now be given to methods of automatic control of 
such conditions. In view of the fundamental part feed- 
back plays in control systems, this subject will be 
given detailed treatment first. 

The normal symbols are used in the explanatory 
diagrams which follow. A circle represents a junction 
point or meeting place of two or more signals where 
summation or subtraction of the signals may take 
place. A rectangular block indicates a unit in a system 
which could be, for example, an amplifier. Connections 
are shown as single lines, but it should be realized that 
in practical arrangements these are, in effect, the 
normal two-line electrical circuit, a pipeline carrying 
pneumatic signals, a pipeline carrying hydraulic signals 
or even a mechanical linkage. 


Fig. 192. Simple control unit 


Generally speaking, feedback occurs when the out- 
put or part of the output from a system or unit is 
applied to the input of the system or unit to produce 
a modifying action. Let Fig. 192 represent a control 
unit, the exact nature of which it is unnecessary to 
specify at the moment. The output 6, is related to the 
input 6; by the following expression : 


CSG, eee ee aes (238) 
0, 
ri Gi Agi. Boge MACS erect GM (239) 


To the ratio of the output 6 to the input 0 of a 
system or unit the term ¢éransfer function is applied. 


Feed forword channel 


Feed back channel 


Fig. 193. Simple feedback loop 


In a very simple fashion Fig. 192 illustrates open 
loop action. The meaning of the term will be clearer if 
comparison is made with Fig. 193 where the output of 
the unit of Fig. 192 is connected back or fed back to 
the input. The arrangement forms a closed loop and 


Feed forward channel 


Feed back channel 


Fig. 194. Simple feedback loop with feedback unit 


there is now a feed forward channel through the unit 
and a feedback channel from output to input. To carry 
the feedback conception one stage farther we include 
in the feedback channel a feedback unit with a transfer 
function G, (Fig. 194). If ® is the output of this unit 


Q, 
The feedback 6; can assist or oppose the input 6; and 
leads to a state of conditions where the actual input 
to the control unit is either (6; + 6) or (6; — %). For 
the present we will consider the latter condition 
(8; — ©) to which the term negative feedback is given. 
An alternative term sometimes used is degenerative 
feedback. 


NEGATIVE FEEDBACK 
Now (6, — @) is the actual input to the unit so that 


o =G,(% — %) «.----ee- (241) 
But since @¢=G, 9% ..--+ +e essere (242) 
— 8 = Gy (8% — Gy) an ee ee (243) 
Rearranging, 
6 G 
Tem = —s-——_—_l"e7’clcicces 


The ratio 6,/6 represents the transfer function T of the 
system of Fig. 194. 


Examples 


Some simple examples may assist at this stage. 
Fig. 195 represents an electronic d.c. amplifier with 
G, = 500. A potentiometer acts as a feedback device. 
Suppose the tapping ratio is 0-9, i.e., G, = 0-9. Substi- 
tuting these values in equation (244). 


Fig. 195. Simple feedback loop with potentiometer as 
feedback element 


8 _ 500 
@® I +09 X 500 
Compare this with Fig. 192 where 
Q, 
rig 
Next consider the reduction of the tapping ratio to 
0'5, 1.e., G, = 0°5, 


= I'I approximately. 


Oo 500 — 
®  3+05x500 24 


In both examples, there is a striking diminution in the 


Q : 
value of a. compared with the open loop unit. 


The obvious question is what are the advantages of 
introducing feedback? To answer this question let us 
examine the effect of the variation parameter G,. 


Variation in G, 
Differentiating equation (244) with respect to G,, 


5 0 | I | 9 (245) 
8G, la + GGy" oo ee 
9 G, | 
BUG ss || eet eee 246 
9 E ++ G,Gz) (248) 
oti ee - |e 2 
fC) ies “ec as ae i sees a (247) 
Rearranging, 
50 8G, I (248 
Ge ae ee ee 48) 
Example 


This equation can be better realized if values are 
assigned: Let G, be 500 as before and let it decrease to 
400 making 5 G, = 100. Gy is fixed at 0-9. 


Then 22 = 22° peers | 
8, 500LI + 500 X 0°9 
56® I 
8 2280 


Thus for a 20% change in G,, the change in output is 
of the order of 0-04% only. This effect can be seen in 
another manner from equation (244). 

If G, is very large, the equation reduces with very 
little error to 


9, 
If the conditions of equation (249) are realized, = 


1 
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is substantially independent of changes in G,. This is 
particularly useful in an electronic amplifier where 
variations in the characteristics of the components can 
affect the amplifier gain and where stability is a vital 
requirement. Another change we must examine is that 
in Gy. 


Variation in G, 
Differentiating equation (244) with respect to G,, 
5 G,? 6; 


7 — PGE Paes (250) 
But since 6, = Feexal Ge grate (251) 
5 6, G,G 8G 
=—-—+4- ——*__l—_"=.... (252) 
Q 1+G,G, G, 


If the condition that G, is large still obtains, and the 
product G, G, is extremely larger than 1, equation (252) 
reduces to 


eo «© @ © © © © © © © © 


0 Gs 

Ignoring the negative sign, this means that a change 

in feedback gain G, is accompanied by a proportional 
change in output 6,. 


Example 
If G, varies from 0-9 to 0-5 making 5G, 0-4 and G, is, 
in this example, 1000 
86 0-9 X 1000 0°4 
®@  I-+0-9 X 1000 0g 
Me : 
8 ~— go0-g 0g 
This is practically 
BO, _o-4 
0 O-9 
A percentage change in G,, therefore, is accompanied 


by a proportional percentage change in the output. 
The significance of this relation will appear later. 


Series and Parallel Arrangements of Units 

In a feedback system, the component units may exist 
in the form of series and parallel arrangements. In 
Fig. 196, three units with respective gains of G,, G, 
and G; are arranged in series. From Fig. 196 


Beg On. 2° ue eee ene aye (254) 
6 = G,6=G6,G6,0% ....... (255) 
€,=G,0—6,6,6,0 +104. (256) 


The system is then equivalent to the single unit shown 
in the lower part of Fig. 195 with an overall transfer 


Fig. 196. Control units in series 


function T equal to the product of the three separate 
functions: 


Q 
@, (257) 

If the feedback loop is completed as shown by the 
dotted line in Fig. 196 the transfer function for the 
system becomes: 


6; I+ G, G, Gs 
In the parallel scheme of Fig. 197, one must consider 
that the input 6; is applied to each of the three units. 
The outputs are then G, 6;, G, 6 and G, 6. These are 
added at the output junction and form the output 6.. 
The following relation then holds: 
® = G, i + G, % + G, % = 

9; (G, + Gy + Gs). . (259) 

The overall transfer function is given by: 


8, 
9 TP HGH ts 


T = G,G,G, 


ee e@ 8 © «@ 


9 
Ts Gy+ Gy+Gx 


Fig. 197. Control units in parallel 


Finally let us consider a series-parallel arrangement 
as in Fig. 198. In the upper path the transfer function 
is G, G,, and in the lower path the transfer function is 
G, Gy. The addition of the two functions gives the 
overall value of: 

T = G, Gy, + G3 Gy (261) 

It is convenient at this point to consider some simple 
negative feedback loops used in automatic control 
systems to illustrate the foregoing theoretical deductions. 


PRACTICAL EXAMPLES OF 
SIMPLE NEGATIVE FEEDBACK LOOPS 
Nozzle and Flapper Unit 
This unit is utilized in the majority of pneumatic 


oe © © © © © © © © 


Fig. 198. Control units in sertes-parallel arrangement 
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Fig. 199. Basic features of nozzle and flapper units 


controlling instruments. 
features of the device. 

It comprises a fine bore nozzle A, the diameter of 
which normally ranges between 0-o2in. and 0-O4in. 
A flapper or baffle B is pivoted so that it can move 
towards and away from the mouth of the nozzle. The 
distance of travel is minute and can be as small as 
0-0003in. In any case it never exceeds a few 
thousandths of an inch. 

Air is supplied at a specific pressure to the nozzle via 
a restriction C which is } to 4 the nozzle diameter. The 
air flows out through the small gap between the flapper 
and the mouth of the nozzle. A pressure is set up inside 


Fig. 199 shows the basic 


OUTPUT 16 
P 
Ib/in?, 12 


FLAPPER TRAVEL (0.00! ) 
Fig. 200. Relation between flapper movement and pressure 
output in a nozzle and flapper unit. The total flapper 
movement 1s O-OOI 1M. 


the nozzle, the value of which depends on the position 
of the flapper in its travel. When the flapper is closest 
to the nozzle the pressure valueis a maximum, and when 
the flapper is farthest away the pressure is at a mini- 
mum. A typical relation is shown in Fig. 200. It is not 
linear, but an approximation to a straight line can be 
obtained if the operating pressure range is restricted 
to 3 to 15lb/in?. 

The flapper is normally coupled by suitable linkage 
to a measuring element, and purely for the purposes of 
explanation this is shown in Fig. 199 as the Bourdon 
tube of a temperature measuring system. 


Consider a temperature change which deflects the 
Bourdon tube and positions the flapper nearer to the 
nozzle, using O as the pivot. The pressure increases 
and the increase is communicated to the feedback 
bellows D. D extends and tends to move the flapper 
away from the nozzle, this time with 0’ as pivot. This 
action tends to reduce the pressure in the nozzle and a 
position of equilibrium is eventually reached where the 
nozzle pressure and hence the output pressure p is a 
measure of the new temperature value. 

If y is the net flapper movement at the nozzle, 


y= (—5)°- (a) .. . (262) 


Where @ = the displacement due to measuring 
element, inches 


S = the “rate” of the bellows unit in in/Ib/ 
in? 


p = the output pressure lb/in?. 


The second term in equation (262) is due to the 
negative feedback of the bellows. 

What has negative feedback contributed to this unit? 

It must be remembered that the total travel of the 
flapper is minute. Without the feedback bellows, 
backlash and similar phenomena could cause errors in 
positioning and it is essential that the flapper be 
accurately positioned. Negative feedback in the form 
of the bellows enables this to be achieved. 

Observe, too, the effect of the supply pressure varia- 
tions. Suppose this drops in value, the pressure in the 
nozzle falls likewise. But this pressure is also that 
existing in the bellows. A decrease in pressure here 
means that the bellows contracts. But, in contracting, 
the bellows moves the flapper nearer to the nozzle, 
increasing the pressure therein. Thus, one effect tends 
to counteract the other, minimizing the influence of a 
change in the supply pressure. 

The role of the restriction C requires some explana- 
tion. Without C present and with the flapper in its 
extreme position of travel away from the nozzle, the 
pressure within the nozzle is very little different from 
that existing when the flapper is in its closest position. 
The fitting of a restriction between supply and nozzle 
creates a pressure drop. The diameter of the restriction 
is always less than that of the nozzle and the ratio of 
restriction diameter to nozzle diameter is normally 
between } and 4. At the extreme of the flapper travel 
from the nozzle, the restriction has a relatively large 
pressure drop leaving a small pressure for the nozzle. 
Some figures may help in the explanation. Suppose that 
the supply pressure is 2olb/in?. The pressure drop 
across the restriction may reach 17lb/in? with the 
flapper farthest away. This leaves 3lb/in? for the 
nozzle. When the flapper is closest to the nozzle, the 
pressure drop may fall to 5lb/in* leaving 15lb/in? 
for the nozzle. At intermediate positions, the pressure 
drop across the restriction and the nozzle pressure 
vary in proportion to the flapper travel. 

The minute value of the nozzle diameter leads to a 
small consumption of air and also reduces the back 
pressure on the flapper to a minimum. 

A block diagram of the unit is shown in Fig. 201. 
The nozzle and flapper unit as shown is a proportional 
controller and its operation as such is described in 
Chapter 14. 


Negative 

feedback 

bellows 
C2 


Fig. 201. Block diagram nozzle and flapper unit 


Hydro-mechanical System 


A simple hydraulic system with mechanical feedback 
is illustrated in Fig. 202. A is a pilot valve whose stem 
has two piston heads C and D. Oil at constant pressure 
is supplied via inlet K. The pilot valve communicates 
with a hydraulic actuator B by two inlet passages J and 
K. The actuator has piston E, the rod F of which is 
pivoted to lever L at G. The pilot valve piston stem is 
coupled to the lever at M. 

To the end H of the lever a movement is imparted by 
a measuring element. Consider a movement in the 
downward direction using G as a pivot. The stem of the 
pilot valve is carried down at the same time and the 
lower piston head D begins to uncover inlet K. Oil at 
constant pressure then enters the valve and flows 
through K to the underside of piston E. E commences 
to rise and starts to carry the stem of A upwards with it. 
Thus inlet K tends to be covered again by D and 
operation continues until equilibrium is reached. If a 
correcting unit is coupled to the end N of the rod F 
correcting action may be initiated. 

If x is a displacement given to end H of lever L, 
and z is the motion of G, the deflection of the pilot 
valve piston is given by: 

l—a_ a..z 
ee ee 


Fig. 202. Simple hydraulic control system with mechant- 
cal negative feedback 
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Fig. 203. Block diagram of hydraulic system shown in 
Fig. 202 


The second term in the expression represents negative 
feedback and bears a similarity to the feedback term in 
equation (262) for the nozzle and flapper unit. 

The use of this arrangement as an integral control 
system will be described in Chapter 14. A block 
diagram is shown in Fig. 203. 


Electronic System 

Fig. 191 of Chapter 12 is an example of variable 
negative feedback being used for null balancing pur- 
poses. A block diagram of the system is shown in 


Fig. 204. 
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Fig. 204. Block diagram of pH measuring system with 
negative feedback 


POSITIVE FEEDBACK 


At the beginning of the chapter it was stated that the 
feedback signal 6; can oppose or assist the input signal 
0. We have discussed negative feedback where the 
actual input to a unit is (6; — ). The case of positive 
or regenerative feedback must now be considered. 


Here, 
@=G,(@+6) ......... (264) 
A similar equation to (244) may be deduced: 
Q G, 
== =n oo re 6 


Positive feedback is incorporated in control systems, 
possibly more in association with negative feedback 
than by itself. Fig. 205 shows in an elementary fashion 
the employment of negative and positive feedbacks in a 


Fig. 205. Block diagram of system with negative and 
pasitive feedback 
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control unit. The transfer function is then: 

rs eee 

6. 26.6. GG: 

An example may show the influence of positive feed- 
back in such an arrangement. 


Example 
G, = 0°5 
G3 = 0:56 
Qo 10 
6 +10 xX 0-5 — 10 x 0-56 
8 
9 75 


With negative feedback alone the transfer function 
would be 
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Fig. 206. Positive feedback in a simple control unit 
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Practical positive feedback in a pneumatic control 
unit is illustrated in Fig. 206. An opposing E bellows 
is added to the unit of Fig. 199 and is connected to the 
nozzle chamber via restriction R. E tends to adjust 
the flapper in the opposite direction to the negative 
feedback bellows D. The arrangement is actually a 
simple version of a proportional plus integral con- 
troller. Its operation will be described later. It is 
introduced here for explanatory purposes only. 

One final point in connection with positive feedback 
should be noted. In equation (265) if G,G, becomes 


equal to 1 the transfer function 5 


we obtain an infinite output for a finite input leading to 
a state of instability. 


6, ; ee 
~ becomes infinite, i.e., 
i 


THE AUTOMATIC PROCESS CONTROL 
CLOSED LOOP SYSTEM 


Introduction 


In all the preceding material, the closed loop has been 
considered in a general fashion and the examples of 
negative feedback have been related to local closed 
loops in instruments rather than to a process. The 
automatic control closed loop system applied to in- 
dustrial processes must now be examined. Fig. 207 
shows a block diagram of such a closed loop control. 

British Standard Specification No. 1523, Section 2, 
contains a list of definitions of automatic control terms. 
These have been carefully drawn up by the relevant 
committee, and represent a standard to which it is 
desirable to adhere. All terminology in this chapter is 
based on this specification unless otherwise stated. 

An automatic control system is one in which, without 
human intervention, the value of a controlled condi- 
tion such as temperature, flow or pressure is compared 
with a set value and corrective action taken dependent 
on the difference or deviation between the two values. 
The set value, it should be explained, is the value to 
which the automatic control mechanism is set. It is, 
in fact, the value to which we adjust the control index 
on the scale of the control instrument. 

With the aid of Fig. 207 let us amplify the foregoing 
definitions by examining the function of each member of 
the closed loop. 

The detecting element responds directly to the value 
of the physical condition and is, therefore, the first 
element in the loop to detect a change in that value. 
The element is inserted at a convenient point in the 
process and passes its signal to the measuring element. 
This element, as its name implies, measures the value 
of the controlled condition. The following table gives 
examples of some of the more common controlled condi- 
tions and the relevant detecting and measuring ele- 
ments. 


Controlled 
Condition Detecting Element | Measuring Element 
Temperature Liquid and gas ex- | Bourdon tube, 
pansion thermo- bellows unit 
meters, 
vapour pressure 
thermometer. 
Resistance bulb. Wheatstone bridge. 
Thermocouple. Millivoltmeter or 
potentiometer. 
Flow Orifice plate, Manometer, U-tube 
Venturi tube, with float and lever 
nozzle, weir mechanism, bellows 
unit. 
Humidity Wet and dry bulb Bourdon tubes. 
expansion type 
thermometers. 
Pressure None. Bourdon tubes, 


bellows unit 
Bellows unit U-tube 


Liquid Level 
with float and lever 


Float, standpipe. 


mechanism 
pH Glass electrode. Amplifier and 
Calomel electrode. electrical circuits. 
Conductivity Conductivity cell. Wheatstone bridge 
or other electrical 
circuit. 


From the measuring element a signal is transmitted 
to the comparing element in which the set value unit is 


contained. The measured value is compared with the. 


108 


Automatic controller 


Correcting 
unit 


Correcting 
element 


BS ae Ire ee 


Fig. 207. Automatic process control loop 


set value here and, if the two are different, a deviation 
signal is generated. Comparing elements differ con- 
siderably in design as one would expect when pneu- 
matic, electrical, electronic and hydraulic systems are 
used in practice. They will be dealt with when the 
modes of control and controlling elements are des- 
cribed. One may perhaps instance a single simple 
example in passing. A d.c. millivolt signal from a 
thermocouple could be compared with a known value 
of d.c. millivolts, corresponding to the set value, on a 
potentiometer. Any difference between the two would 
result in a d.c. signal being passed to the controlling 
element. 

The controlling element is responsible for trans- 
mitting a signal, dependent on the deviation, to the 
correcting unit. In so doing it may produce a signal 
which is related to one or more of the modes of control. 
One controlling element has already been mentioned— 
the nozzle and flapper unit under ‘“‘Practical Examples 
of Simple Negative Feedback Loops’’. Both the con- 
trol modes and the corresponding controlling elements 
receive treatment in Chapter 14. 

The controlling signal is received by the correcting 
unit. It is shown in Fig. 207 as existing in two parts. 
This is purely for convenience in examining the opera- 
tion of a control loop as the two parts, the motor 
element and the correcting element, are normally in 
one assembly. Correcting units are described in detail 
in Chapter 14, but it will assist in understanding the 
control loop if one of the most popular, the control 
valve, is given a little attention at this point. A diagram 
of the essential parts of a control valve are indicated in 
Fig. 208. It should be noted that the term “‘motor”’ is 
applied to pneumatic and hydraulic actuating devices in 
the automatic control field and is not, therefore, 
restricted to electrical designs. 

In the valve shown in Fig. 208, the motor element 
consists of a diaphragm assembly A with a flexible 
diaphragm of rubber, fabric or other suitable material. 
Is is supported at the central portion by a metal plate 
which serves as a fixing for stem D and a means for 
holding the upper end of spring C. The correcting 
element proper is seen at the lower part of the unit. 
In essence it comprises a variable orifice whose area 
is determined by the contours of plugs F operating in 


openings G. The plugs are part of the stem member. 
Fluid flows through the orifices so formed from left 
to right. A pneumatic correcting signal from the cor- 
recting element is applied to the upper side of dia- 
phragm A via inlet B. The extent and mode of travel 
of the valve stem and plugs are governed by this 
signal. It is the fluid flowing through this valve which 
regulates the operation of the process and, hence, 
influences the value of the controlled condition. 

To complete this initial section on the control loop, 
an elementary automatic control scheme is illustrated 
in Fig. 209. This system is for liquid level control. 
The detecting element is the standpipe which detects 
the liquid level as a varying head of pressure (see 
Chapter 3 for details of this method). The pressure is 
measured in the control instrument in the upper part 
of the figure by a metal capsule stack, a metal bellows 
or similar device forming the measuring element. The 
signal from the stack or bellows is applied to the 
comparing element, the deviation signal is generated 
and applied to the controlling element which supplies 
the pneumatic correcting signal to the diaphragm of 
the control valve. This operates to allow more or less 
liquid to pass through its orifices to maintain a constant 
level in the tank. The tank of liquid is, in this example, 
a process, if a very elementary one. 
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Fig. 208. The essential features of a control valve 


Modes or Actions in Automatic Control 

We have already mentioned that not only is the 
control signal dependent on the deviation but can be 
modified by the modes of control impressed on it by 
the controlling element. We must now consider the 
most important of these modes or actions. 


Two-step Controller Action 
When the measured value of the controlled condition 
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Fig. 209. Simple automatic control scheme—liquid level 
control 


is above the set value the deviation is given a positive 
sign, and when the measured value is below the set 
value the deviation is given a negative sign. In two- 
step controller action the output signal from the con- 
troller changes sign from one predetermined value to 
another when the deviation changes sign. The action is 
shown in Fig. 210. To comment on this action it will 
be necessary to consider the operation of the correcting 
unit which for convenience will be taken to be a 
control valve of the general type shown in Fig. 208. 
We must assume that the control valve follows the 
control signal implicitly and that it moves from one 
extreme position to another in so doing. These are 
normally the fully open or the fully closed positions. 
The valve position curve would then be the replica of 
the control signal V in Fig. 210, with the valve fully 
open to correspond to value 2 and fully closed to 
correspond to value 1. It will be noticed that the 
deviation oscillates round the set value and we must 
now see the reason for this. 


Fig. 210. Two-step controller action 
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Lags are present in any control system, resulting in 
a finite interval occurring between the application of 
corrective action and the equilibrium value of the con- 
trolled condition. Imagine that the measured value in 
Fig. 210 is below the set value initially. The correcting 
unit is fully opened, and the measured value increases 
until it reaches the set value at A. Because of lags, 
however, the system has not assimilated the full effect 
of corrective action and, in spite of the correcting unit 
now going to the fully closed position, the measured 
value still increases. It continues to do so until the full 
effect of the correction is felt. The measured value 
now begins to decrease, reaching the set value at B. 
The correcting unit changes to the fully opened position, 
but the lag causes the value to fall until the correction 
is fully realised. An increase then follows and the 
measured value attains the set value at C. The cycle 
is repeated ad lib., and a sustained oscillation of the 
measured value is obtained. 

The practical difficulties in arranging a sharp 
change-over have given rise to a two-step control with 
overlap. Here, there is a difference in the value at 
which the corrective action takes place in one direction 
and the other. An “overlap” exists, resulting in the 
frequency of oscillation being reduced, and, in conse- 
quence, the number of times the correcting unit is 
operated. On the other hand, the amplitude is increased, 
and a satisfactory compromise between the two depends 
on the application. 

Two-step control has disadvantages in fluctuating 
between the extreme values, and multi-step control 
was introduced to improve the performance. In this 
action, the correcting unit can stop at predetermined 
intermediate positions. 


Proportional Controller Action 

In proportional controller action the controller output 
signal is proportional to the deviation: 

VeeeHKye | bee eee sinks 
® = the deviation 
K, = the proportional action constant. 

We will assume that the correcting unit is a control 
valve as in the case of two-step controller action, and 
that it follows closely the controller signal. 

It is instructive to examine the effect of a sustained 
load or demand change on a system with proportional 
control. Refer again to Fig. 209, and imagine that the 
tank of liquid is being used to supply a number of 
outlets. The initial conditions are such that for the 
specific demand the control valve passes sufficient 
liquid to maintain a constant head in the tank, i.e., the 
rate of inflow just balances the rate of outflow. Con- 
sider that the demand now increases and is sustained. 
The level falls and a deviation occurs. The control 
signal sent to the valve motor causes the valve to open 
wider to allow an increased rate of liquid to flow into 
the tank. The level rises and in so doing reduces the 
deviation. But the valve now tends to close, obeying 
the proportional action. The sustained demand, on the 
other hand, requires that it remain in the increased open 
position. The conflicting requirements result in the 
controlled condition, in this example liquid level, 
assuming a final equilibrium value, but remaining 
offset from the set value. 

A second example is provided by a furnace whose 
temperature controller has a set point adjusted for a 
given load of steel. Fuel is being supplied to the 


furnace via a valve operated from the controller. 
Additional material is now added to the melt causing 
the furnace temperature to fall. A deviation is pro- 
duced causing the valve to open to admit more fuel for 
a greater heat input. The temperature tends to rise, 
the deviation to become less, and the valve closes, 
cutting down the supply of fuel. But the new furnace 
conditions demand an increased supply of fuel and the 
next tendency would be for the valve to open again. 
A position is ultimately reached at which the tem- 
perature is offset from the previous value and, of 
course, from the set value. 
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Fig. 211. Effect of sustained load change with propor- 
tuonal controller action 


Fig. 211 shows the effect of a sustained load or de- 
mand change and the corresponding change in the 
measured value of the controlled condition. Observe 
the oscillatory effect before the value settles down to 
the final steady offset 6, and observe that there is an 
initial offset 6, which must be present since offset is 
inherent in proportional action or control. 

Whilst in some processes a moderate offset can be 
tolerated in others it is a disadvantage and the amount . 
may be serious in some applications. It is desirable to 
reduce this to reasonable proportions without, at 
the moment, bringing in another type of control. Now, 
if we could make an adjustment in the controlling unit 
so that we could vary a range of values for which the 
correcting unit would be fully open or fully closed, we 
should have a means of adjusting the corrective effect 
for a given deviation. For example, a small deviation 
might cause a comparatively large fuel supply change 
in the previous example, and reduce the offset value. 

This is equivalent in equation (267) to varying K,, 
which we have hitherto regarded as a constant. What 
we are desirous of doing is, in effect, to change the 
sensitivity of the controlling element. For example, for 
the same signal, V if we halved K,, 6 would have to 
be doubled for the equation to hold. Looking at this 
problem from another aspect, however, for the full 
operating range of tie controller output signal, by 
adjusting K,, we can obtain a corresponding range of 
deviation values. To this range the term Proportional 
Band is applied, and it can be expressed as a percentage 
of the range of values of the controlled condition which 
the measuring element of the controller is designed to 
measure (i.e., the instrument range). The relation can 
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Fig. 212. Effect of change in proportional band on con- 
troller output signal for the same deviation 


be seen in Fig. 212 in which the deviation @ has a 
sustained value. The corresponding controller output 
signal is indicated for 50%, 100% and 200% band- 
widths. 

In effect K,, the proportional action factor, is pro- 
portional to the reciprocal of the bandwidth B, or 
100/percentage proportional band By. 


I 

K,a B, ib; tite ch ech Bi ae aca (268) 
00 

Kio a se heirtsncen cl, Site ge a talage oP eras (2609) 


From Fig. 212 it will be observed that the pro- 
portional band can be greater than the range on the 
instrument scale. Some examples may assist further in 
understanding the proportional band. 


If the instrument scale range is 0-1000°C and the 
temperature must change from 100°C to 150°C to 
produce the full operating range of the controller output 
signal, the proportional band is 

(750 — 100) x Too _ 50 X 100 _ of 

1000 ~"qJooo >” 

In a similar manner if it takes five times the range of 
the instrument scale to produce the full range of the 
controller output signal, the proportional band is 


5000 X I00 
SS. _.. o0o2 
1000. 5 70 


The proportional band is made adjustable to provide 
stable control under different process conditions. 

If the correcting unit is assumed to follow the con- 
troller signal V in a linear manner the valve position S 


Fig. 213. Relations between instrument scale range, 
correcting unit movement and proportional band 
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can be expressed as 
S = K,V = K,6 
where K, and Ky are constants. 

A series of straight line relations can then be drawn 
up connecting percentage instrument scale, percentage 
correcting unit movement and proportional bandwidth. 
These are shown in Fig. 213. 

Thus, it seems possible by adjusting the proportional 
band to a small percentage to obtain a correspondingly 
small offset. But if this is carried to the extreme, 
hunting or oscillation will occur. 

Summarizing, offset is inherent in proportional 
control. If different positions of the correcting element 
are necessary for the same value of the controlled condi- 
tion due to sustained demands, offset will be produced. 
The value will depend on the extent of the load change 
in response to a demand and the proportional band- 
width. The allowable proportional bandwidth must 
depend entirely on the process. In some applications, 
the use of a very narrow band is permissible and the 
offset of no significance. One can approach a situation 
where the narrowness of the proportional band leads to 
a control mode which is equivalent to two-step. 
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Fig. 214. Integral controller action. This is shown with- 
out proportional controller action 


Integral Controller Action 


Offset, as we have seen, is inherent in proportional 
control, and another type must be introduced to give 
a fully compensatory effect. Integral controller action 
can achieve this. It is defined as an actign in which the 
controller output signal changes at a rate proportional 
to the deviation. 


dV 

aE (oh ee oe ere 

dt 2 8 (271) 
or V=—K, { Bais we lea ee eaks (272) 


K, is the Integral Action Factor. 

Equation (272) gives the action its name. 

If we adopt the same assumptions, as in propor- 
tional control, of a linear system, then the control valve 
functions as follows: 

dS 
u a K,8 

The valve opens or closes at a speed proportional to 
the deviation, and will continue to do so as long as there 
is a deviation. Thus there will be no offset, but the 


control by itself may take some time to restore the 
controlled condition to its set value. Fig. 214 shows the 
effect of integral action alone. This is amplified in 
Chapter I4. 

There are one or two variations of integral control 
in the manner in which the speed of the correcting unit 
relative to the deviation is arranged. These are briefly 
described. 


Single-speed Floating Controller Action and Con- 
trol 


The term ‘‘Floating’’ was one of the old descriptions 
of integral control. In this version, the valve moves at 
a constant rate irrespective of the deviation, i.e., 


where & is a coefficient. 
The electrical motorized valve can be applied in 
this control. 


Multi-speed Floating Controller Action and Con- 
trol . 


In this mode, the control valve moves at a number 
of different speeds: 


dS aS dS 
— porn kR 


i orem 
where k,, k,, and k, are coefficients. 
Hunting can occur in an integral control, the condi- 
tions depending on the particular characteristics of the 
control loop. 


kg 
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Derivative Controller Action 


It might be thought that a combination of pro- 
portional and integral controls gives all that is necessary 
for normal processes. This is true to a large extent, but 
plants with large transfer lag or distance velocity lag 


Fig. 215. Derivative controller action. D.A.T. 1s 
deviative action time. D 1s the immediate change in signal 
duetoderivativeaction. Pisthechangein signal value due 
to proportional action 
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(see Chapters 14 and 15) may be difficult to control. 
To avoid continuous hunting, the proportional band 
may have to be made excessively wide and the integral 
time large. When load changes occur, big deviations 
take place and recovery time is long. To counteract 
this, derivative control is used. It is defined as a type 
of controller action in which the controller output signal 
is proportional to the rate of change of the deviation. 


7 8 © © © © © © 8 


where K, = the Derivative Action Factor. 
Again assuming linearity, the valve opening S is 
given by 


Whereas proportional and, to a lesser extent, 
integral control can be used alone, derivative control 
must be used in association with one or both of the 
others. Alone, it has no real application since it does 


d® 
not depend on @ itself, but on i 


, _, 49 
If 8 is constant, — = oO. 


dt 


Thus no valve movement can be initiated however 
large @ is, provided it is held at a constant value. 
Fig. 215 illustrates derivative plus proportional con- 
troller action. This is amplified in Chapter 14. 


British Standard Specifications 


B.S. 1523 Glossary of Terms used in Automatic 
Controlling and Regulating Systems. Section 2: Process 
Control. 


In addition to Section 2, other sections of B.S. 1523 
have an interest for general control purposes: 


Section 3: Kinetic Control. 
Section 5: Components of Servo-mechanisms. 
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Chapter 14 


AUTOMATIC CONTROL SYSTEMS: CONTROLLER UNITS AND 
CORRECTING UNITS 


N chapter 13, the four main forms of controller 
actions are traced. The units producing the actual 
controller signals must now be considered. 


PNEUMATIC CONTROLLER UNITS 

Proportional Control Unit, Position Balance Type 

Fig. 199 in chapter 13 illustrates how a metallic 
bellows, or similar device, is utilized to produce 
negative feedback with a nozzle and flapper. In the 
associated descriptive matter it is indicated that this 
arrangement can produce proportional controller 
action. The nozzle and flapper-bellows combination 
will now be examined in more detail as a proportional 
controller unit. It is shown again in Fig. 216. This is 
substantially the same unit as Fig. 199 of chapter 13, 
but has the measuring element omitted. 


Proportional 
negative 
feedback 

bellows 


Flapper Restriction 


1? 
x 
Fig. 216. Proportional controller unit utthzing nozzle 


and flapper unit 


The net flapper movement facing the centre line of 
the nozzle is, based on chapter 13, 


nase (a) Ga) 


..« (278) 


where x = the deflection of the flapper at the ower 
pivot due to the deviation @ between the 
measured and set values. 
S = the bellows rating. 


= the nozzle pressure. 
From Fig. 200 in chapter 13, the slope of the pressure- 
flapper movement characteristic is 


p 


» 

This is in the nature of an amplification factor or a 
gain. Its value may be calculated approximately, 
assuming that the curve is a straight line, over the 
pressure range 3-15lb/in?. The base units, i.e., for 


G 
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flapper deflection, are in terms of 0-0002in., the total 
movement being o-oorin. For a 4lb/in? change in 
nozzle pressure, the change in flapper movement is 
o0:00005in. This makes G: 


Gras 
000005 
G = —8 x 10‘ lbjin¢/in. ....... (280) 
Substituting for y in equation (278), 
cGy) Gap) 
—=- = — é 28 
G a+b a+b oe eo 
aSG bG 
—I{= . (28 
Gee: | Gra oe 


But G from (280) is very much greater than 1 so that 


( ast is also very much greater than 1. Hence 
a 
equation (282) reduces to 
b 
(ee aaatided Ae Ge as 28 
p ( Fee fs (283) 


If we assume that x is directly proportional to the 
deviation 8 then 


BOR -  Seaieate dt: Fie eras ae (284} 
where « = a constant. 
From (283), 
ba 
p SS a Rea (285) 
orp= ~K,O9 ww eee ee ee (286) 
where K, = — 2 
as 


Equation (286) is then of the same form as (267) in 
chapter 13 which defines proportional controller action. 

If the travel / of the control valve stem can be 
related to the output pressure # of the unit by a 
relation of the form: 


CS SRP kl ne Gee Se (287) 
then 2=—AQ ~vawee ad phe di Sag (288) 
where A = aconstant. 


Proportional Band Adjustment 

The influence of proportional band adjustment has 
already been described. It is equivalent to varying 
K,, the proportional action constant. From equation 
(285) this could be achieved by altering the ratio b/a. 
There are a vast number of methods of adjusting )/a 


Proportiunal 
bellows 


Fig. 217. 
adjustment 


““Scissors’’ double lever proportional band 


and only one or two typical ones will be dealt with. 
One relatively simple example is the “‘scissors’’ double 
lever movement. An explanatory diagram is given in 
Fig. 217. The two levers are AB and CD. A pin E 
slides between the two, forming an adjustable pivot. 
If the feedback bellows deflects a distance z for the 
full operating range of the controller signal (i.e., 


3-15lb/in?) the pin moves a distance 7 . The point F 


on the flapper opposite the centre line of the nozzle 

moves, by simple proportion, ees 
d(e+c) 

flapper is actuated a distance x by the deviation 0. 


Consider the movement necessary to restore the 
flapper to its original position before deflection by the 


x (e + c—a) 


At A the 


bellows. This is given by . Then, 
e+e 
x (e + c—a) za 
Se 39 a {28 
etc d(e+c) (289) 


Since the full operating range 3-15lb/in? acting on 
the bellows is also the full output signal range, x must 
be the movement of the flapper opposite the nozzle to 
produce this range. But this is dependent on the 
deviation 8; hence we can establish a relation between 
the value of deviation necessary to produce the full 
signa] range and the range itself. 

From equation (289), 


. zca 
d(e + c—a) 

z, a and ¢ are fixed, but c is variable by adjusting 
the position of pin FE. This, in turn, alters the value of 
x and the deviation 0, therefore, necessary to produce 
the full output range of the controller signal. 

Another well-known proportional band adjustment 
is the arc lever. If Fig. 218 is examined, the flapper is 
connected by link A to the arc-shaped lever B, in such 
a manner that it can slide along B. The deviation 0 
acts on end C of the arc-shaped lever, and using the 
lower end D of the link as fulcrum adjusts the position 
of the flapper to or away from the nozzle. The pressure 
inside the nozzle changes and is transmitted to the 
proportioning bellows E via a relay F. The movement 
of the bellows, again using D as fulcrum, adjusts the 
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flapper in the opposite direction to the initial deflec- 
tion, hence exerting a feedback action, until balance 
is achieved. The flapper travel is extremely small, so 
that D is practically a fixed fulcrum. It can be seen 
that the position of A along the arc of B determines 
the relative effect of the deviation and the bellows, and 
so adjusts the proportioning band by altering the 
leverage ratio. 

The nozzle and flapper unit in the form shown in 
Fig. 216 is a position balance device in that the control 
pressure is determined by the position of the flapper. 
The force balance type must now be considered. There 
are two general versions: the beam balance and the 
“stack’’. 


Proportional Control Unit, Force Balance Type 


The basic features of the beam balance are shown 
in Fig. 219. It can be seen that the beam is acted upon 
by four forces, three due to bellows and one due to a 
spring. The set value is produced in the form of a 
pressure proportional to the required value 0, and 
this pressure #, acts on bellows A. In a similar manner 
the measured value 6, is produced as a pressure fm 
and this acts on bellows B. The forces produced by 
bellows A and B oppose each other on the beam and 
any deflection of the beam due to these two forces is 
a measure of the deviation 6. At the opposite end of 
the beam is the proportional bellows C which is 
opposed by-a spring D. The operation of the associated 
nozzle and flapper unit is similar to that already 
described. It is assumed that each bellows unit has 
the same effective area A. If F is the force due to the 
spring, and P the initial pressure in the proportional 
bellows, # the change in pressure due to a deviation, 
the equation for balance is: 


(P+p)Aa+pAb=pmuAb+Fa ..... (291) 
: b F 
From which, P + p = ~ (pm—fs) 4 (292) 
a 
Air i if 
. 
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Fig. 218. Arc lever proportional band adjustment 
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Fig. 219. Force balance proportional controller unit 


=" (ba-p) + (= —P) (293) 


or V= —K,0+6 (294) 
where V=P+ph 
rae: 
a 
8 = (bm — ps) 
ni 


= 6, a constant. 


Note that when the deviation is zero, (fm—fs) is 
zero and p is zero. Then the initial pressure P is given 
by 

F 


A 
The proportional band can be adjusted by varying 
the ratio b/a. References 1 and 2 should be consulted 
for methods of doing this. 


Proportional Control Unit, “Stack” Type 

The elements of a ‘‘stack’”’ type proportional control 
unit are shown in Fig. 220. The unit involves three 
diaphragms in a kind of ‘“‘stack”’ formation. The upper 
and lower diaphragms are normally of the same area, 
but are larger than the central one. The diaphragms 
are fixed at their inner edges to a balancing column, 
the lower end of which acts in the manner of a flapper 
or a baffle over the mouth of a nozzle. As in the beam 
balance type the set value 8, and the measured value 


Fig. 220. “Stack” proportional controller unit 
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0, are produced as corresponding pressures f, and p,. 
The initial output pressure when the unit is in 
equilibrium is P. 

' There are two features of special interest. The 
proportional band is adjusted by the variable restric- 
tion R, which in effect supplies a positive feedback 
pressure ~, to the upper diaphragm. Fixed restriction 
R, and variable restriction R, form a kind of pneu- 
matic pressure divider as indicated in Fig. 221. 

Consider an increase in measured value 8,,. Thereis a 
deviation 6 given by 0, — 9, = pu—ps. In a large 
number of units of this type it is customary to make 
the upper and lower diaphragms twice the area of the 
central one and it will simplify matters if this is 
considered to be the case in the present example. 

The respective areas are then 2A and A. # is the 
increase in pressure in the nozzle chamber due to the 
deviation 0. 

For equilibrium all forces present must balance. 
2Ap, + Aps + 2Aby = 


2A (P+ p) + Aba + 24p, «ee eee (296) 
This reduces to 
Pi +4 (bm—h:)) =P+p ....-e-, (297) 


Now refer to Fig. 221, where the flow must be 
considered stream line or laminar. If g is the rate of 
flow, 


pst, _b1—(P +?) 


qg= Ry RR, oe ve (298) 
: (P+ p)R, , psRe 
From which ~, = ——~——>- + ——*—._ (2 
py RUER, Rt R, (299) 
Substituting for p, in (297), 
Pipe (AS) (ba—Ps) + fs «++» (300) 
2R, 


=; R, +R, = = 
ag Gea ) an fp) +Ps—-P . . (301) 


Ps Pi (P+P) 
q R, R, 
Fig. 221. Pneumatic pressure divider 
This can be rearranged in the form 
V SS RypOy- 24 eS Ge eae eee (302) 
where V = (P + )) 
ee “A> 
2R, 
® = (bu—Ps) 


ps = y, a constant. 
Reverting to the equation (301) when the deviation 
8 is zero (f,—f;) is zero and P the initial pressure is 
given by 
P=h4h, 


Proportional Plus Integral Control Unit, Position 
Balance Type 

Since integral controller action is invariably asso- 
ciated with proportional controller action the two are 
considered in combination. The controller unit 
involves a proportional bellows and an integral bellows 
acting in opposition in the manner of Fig. 222. This 
figure is virtually the same as Fig. 206 of chapter 13 in 
which the integral bellows is shown acting as a positive 
feedback device. This latter term is justified since the 
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Fig. 222. Proportional plus integral controller unit 


integral bellows opposes the negative feedback action 
of the proportional bellows on the nozzle flapper. 

Consider first a laminar flow of gas through a 
restriction into a closed chamber as in Fig. 223. The 
pressure # on the upstream side of the restriction is 
higher than #, on the downstream side and #, is the 
pressure existing inside the closed chamber. The flow 
will continue until , = . But at any instant, the 
rate of change of #, is given by 

dp, _ (6—P) 
at e 
where e = a constant. 

The conditions of Fig. 223 correspond to those of the 
integral restriction and bellows after a deviation has 
occurred and before equilibrium is re-established. 

Suppose a sudden or step change occurs in the 
measured value and a deviation 8 is produced. There 
is a displacement x of the flapper at the lower pivot. 
Let us take x as being proportional to 0 or x = a8, 
where « is a constant. 

The change is such that the proportional bellows 
receives a pressure (P + #) where P is the initial 
pressure in both bellows in the original state of 
equilibrium. Due to the restriction, the pressure in 
the integral bellows increases at a slower rate. At any 
instant, let the value be (P + #,). The relation 
between pressure and deviation may be expressed as: 


(P + p) 


bx 
— (P = --A 
(P + $y) zs 


ee e© © © © © @ 


Fig. 223. Pneumatic resistance-capacitance network 
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or p-p; = Se ets PRES (306) 
a 
But, p—-pi =e a er ee eee (307) 
so that, integrating, 
dp, ba 
ela) bord ae ee 8 
“it & (Gee) 
ba 
=(—)|Od ...... O 
(8) oo 
Substituting in (306) 
ba ba 
—(—.})} O9d=(—)0 ........ 
¢ ae { =) (310) 
b 
p= (= =) + ~5| Oat » + (311) 
or Veto Ke KR. i @ dt (312) 
where p=VvV 
ba 
K,=—-(— 
aS 
ba 
K, = —(— 
eas 


Before leaving the subject of proportional plus 
integral control one more aspect of the fluid resistance 
—capacitance combination must be mentioned. 


Equation (307) can be written: 


P-Ai dp, 


R, = C, a ORGS (313) 
where R, = fluid resistance of the integral 
restriction. 
C, = fluid capacitance of the in- 
tegral bellows. 
From (313), 
dp 
p—p, = RC, a7 hae (324) 
Comparing with (304), 
CS KiCp hie Sa ews (315) 


The product R,C, has the dimensions of time and in 
fact is equivalent to the integral time constant. Its 
value can be varied by adjusting the value of R,. The 
basic equation for proportional plus integral controller 
action can be re-written from (3II) as 


ba I 

, =a ° +5 a at) _ (316) 

Now let us consider F1g 224 which represents the 
relation between controller output signal V and time. 
If the deviation 9 remains constant after the initial 
step change, the contribution of the proportional 
action alone remains constant at —K,0. The integral 
action, however, increases from zero initially to 


255g, | 0 dt after a time interval (f,—#,). At this 


value of the time interval, the contributions of the two 
actions are equal, i.e. 


BSG rene | he dt 
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Fig. 224. Integral action time 


Since @ is now constant, 


_-K,0 = —K,P (_—t,) «1. - (318) 
Calling (#.—t,) = ¢, 
K, 
fem ees 
K, (319) 
= 
aS 
i.e. t= pr Se ee ee eee (320) 
eaS 
i.e. Be Rive er eteweder hx (321) 


t, is by definition from B.S. 1523 integral action time, 
and, as we have seen, can be varied by adjusting the 
value of Rj. 


Proportional Plus Derivative Control Unit, Posi- 
tion Balance Type 

A proportional plus derivative control unit is shown 
in Fig. 225. For this combined action, a derivative 
restriction is placed between the nozzle and propor- 
tional bellows. 


Fig. 225. Proportional plus derivative controller untt 
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Again we have an air stream flowing through a 
restriction into a closed volume, but the effect is 
vastly different to that of the integral unit. 

If a sudden or step change occurs in the measured 
value, the nozzle pressure will be higher for a time than 
the pressure ~, in the proportional bellows. The 
following relation holds: 

apy 
p-b=Sl = 

But since the bellows itself contributes to a propor- 
tional action control, 


)= ~) OF Se eas (323) 
From which 
oa = & . at teate oni ok (324) 
Substituting for “4 in (324), 
pS 7) 0 =f : : vedmadicn (325) 
p= ()° f r - (326) 
or V=—K,0—K;, : (327) 
where V=>p 
Ri & 


nn @) 


For the derivative restriction and proportional 
bellows it can be shown that 


f = R, Ce oe © © © © (328) 
R, = fluid resistance of the deriva- 
tive restriction 


C, = fluid capacitance of the 
proportional bellows — 


Equation (326) may then be re-written: 


ba d8 
p= (0+ RC. ZF) - (329) 


Fig. 226 illustrates the definition of derivative 
action time. This, from B.S. 1523, is the time interval 
in which that part of the controller output signal due 
to. proportional action increases by an amount equal 
to the part of the signal due to derivative action. The 
deviation is considered to be changing at a constant 
rate. 


The deviation 8 may be represented by: 


where 


d8 
Sn ier | a oO 
adi (330) 
Since — is constant, 
a9 ts d8 
@=—=—| d=— (t,—t 


Vp rise in signal due fo 
: proportional action 
jpbetween times 
itt, © fe 


Proportional 
control only. 


Vp immediate rise in signal 
due to derivative action 


Time t --------~- 


Fig. 226. Derivative action time 


The proportional action contribution to the con- 
troller output signal is 


d0 

— Kk, @= ye (42 —t,)  .. (332) 

The derivative action contribution to the controller 
dO 
output signal is — K, 7 


Equating the two values 


Thus (tg —?¢,) is the time interval as defined by 


B.S. 1523 for derivative action time. Designating 
(t. — t,) by 4, 
Ky 
ee ee eae 
>= Ke, (335) 
bf 
as 
1 See ee aes (336) 
ba 
aS 
i.e. ty — R, C, o 8 © © we ew 8 (337) 


Proportional Plus Integral Plus Derivative Con- 
trol Unit, Position Balance Type 


From the two term control units so far described, 
it is possible to construct a three term control unit to 
provide proportional plus integral plus derivative 
action. An ideal controller embracing the three 
actions would be given by: 


a0 
V=~—K,0~K, | od —K, F .. . (338) 


K, K, 40 
V=—K,lo+ tf oat +7 Z| - + (339) 
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But from (319) and (335), 
kK, 


— — —— 


where #, is the integral action time 


Kg f ae lecy ig 
XK. = t, where f, is the derivative action time 
1 
so that 


I dO 
V=—K; e+; Odt + t, Z| . ss (340) 


Unfortunately in constructing a three term control 
unit as shown in Fig. 227 from Figs. 222 and 225 the 
ideal equation is not realized. It is found that Fig. 227 
produces a relation of the following kind: 


I t, dO 
V=—K,I E +7; | ed + ; “| . (341) 


I is known as the interaction factor and for Fig. 227 
has the value: 


r=(1+%) 


The full equation for Fig. 227 is, indeed, 


I 
porom(e+ 2+ alm 


f dO 
+) i - + (343) 


Replacing e by ¢, and f by ¢ 


Pes Gs >) oars ; 2t, eae 
I (+2) 


t 
pas d0 
+ G i" Zi | - (344) 


The full implications can now be seen. The propor- 


ty 
tional factor is now greater than K, by € + =). 


Fig. 227. Proportional plus integral plus derivative 
controller unit 
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This, in turn, reflects on the proportional bandwidth 
which will be narrower than the controller dial setting 
for proportional action alone. The integral action time 


Sea at. a Bo p 
is increased by € + 7) but the derivative action 
I 


time is decreased by the reciprocal of the same factor. 
Thus any adjustment in the setting of one action time 
will affect the others. 

How serious is the effect of this interaction? 

This has been discussed by a number of authorities, 
particularly by A. J. Young?. Obviously one cannot 
be dogmatic since so much depends on the nature of 
the process and one may perhaps quote from the same 
authority: ‘‘The limitation which is set by interaction 
between the action units to the phase advance obtain- 
able from a 3-action controller is not in general a 
serious disadvantage in present practice, although 
there are applications in which some controllers have 
proved unsuitable on this account.”” In this quotation 
the term phase advance is used and this may be a 
convenient place to consider the significance of fre- 
quency response. 


FREQUENCY RESPONSE 


In making simple mathematical analyses of control 
units or systems three types of variation in measured 
value are considered: 

1. The sudden or step change. This has already 
been used in examining the various forms of 
controller actions and units. 

2. The constant rate change, where the measured 
value varies at a constant rate. This is described 
in Chapter 15 under Detecting Element Lags. 

3. The sinusoidal change where a sine wave signal 
is applied to the input of the unit or system and 
the output signal is examined in the light of 
phase change and gain or attenuation. This 
method has several advantages, particularly as it 
can be carried out at different frequencies. 

None of the changes mentioned are necessarily 
typical of actual variations occurring in an industriai 
process, but the sinusoidal approach can lead to 
valuable data on the behaviour of a unit or a complete 
control system including the process. Particularly is 
this true for assessing the controllability of a process. 

@, sin wt is now used instead of 6 as the deviation 
signal. The controller unit is normally considered to 
possess a gain G. Let us see the effect of substituting 
6, sin cot for 0. 

\ 
Proportional Controller Action 

The basic equation for proportional controller action 

1S: 


V=—K,0 ee eee eee eee (345) 
Substituting 9, sin cé for 9, 
=—K,@,smot  ........-- (346) 


The amplitudes of the input and output signals are 
both 6, so that 


Proportional Plus Integral Controller Action 
For proportional plus integral controller action, 


Ve. [2 +f ea | 


119 


Substituting 0, sin wé for 8, 
VS E sin wt > | Q, sincot a (349) 


The solution of this is: 


V=—K,® (3 +) sin (ct — 4) (350) 


I 
(cot ,)? 


The amplitude is now given by 9, J r+ 
the gain of the controller is then: 
K, 9. V (cot ,)? 
Q, 


I 
= K | I + —— 6 ee AQSI 
1 (cot ,)? (35 ) 
This means that the controller gain has been in- 


creased by a factor I+ 


G 


r ° 
(cot ,)? 


There is also a phase lag ¢ now given by the following 
relation: 


As the value of ~ approaches infinity the phase lag 
angle ¢ reaches a limiting value of — */2 or —90°. When 
os equals 1, the phase angle ¢ is —9°. The period T 
tends to be used more than the frequency f so a 


using JT, the phase angle would become —tan™ rea 
I 


I 
instead of —tan=! —- 
an oF 


Proportional Plus Derivative Controiler Action 


The basic equation for proportional plus derivativ 
controller action is: . 


a0 
ane, t,— 
K, [9 + 5] 


Substituting 9, sin «é for 8, the final equation can be 
shown to be: 


v= — Kyo, | Vz + Oop (sino + $)] (asa) 
Thus the controller gain is: 


G=K, Vr + (#6) (355) 
As distinct from the proportional plus integral mode, 
there is a phase advance now, given by: 


tang = wt, ord = tan- wt, 
Using the period T instead of frequency /, 


2" VA 
tang = T t, ord = tan! 7” 


As approaches zero the phase angle approaches 


a limiting value of + : or + 90°. 


Proportional Plus Integral Plus Derivative Con- 
troller Action 

For the three term controller action, the gain G can 
be shown to be: 


fo aR 
G=K, \(o% a oe Ge a (357) 
wt, 
and the phase angle d by 
; I 
= ee Se Ri gg tele 8 
tan d Cc =) (358) 


Two things emerge from these equations: the relation 
x always greater than 1 and the phase angle may be a 


1 
lead or a lag depending on the relative values of ¢, 
and f,. 

The foregoing frequency response equations relate 
to ideal controller actions. It is necessary to examine 
the three term controller of Fig. 227 in the light of 
frequency response. 

Let us call the effective integral action time S and the 
effective derivative time R. 


Then from equation (344), 


2ly 
S =t, € + oe sy tostee hee Conese (359) 
ty 
R= € af a ee ae eee ae (360) 


/ R 
The phase angle ¢ increases with the ratio S and if 


3 reaches a maximum value then so does ¢. 


For the controller of Fig. 227, 


7 © © © © © © © © © «© 


ty. 

This has a maximum value 4 when 7, 38 4. Ina 
commercial controller based on Fig. 227, the maxi- 
mum phase angle is +37° when the proportional band 
is 100% and about 34° at 10% proportional band. 


PARALLEL TYPE CONTROLLERS 

In the three term controller of F ig. 227, the derivative 
restriction lies between the integral restriction and the 
output, i.e. only the derivative restriction is connected 
directly to the output. This forms a sort of “series” 
arrangement. In another general class of controllers, 
both the integral and the derivative restrictions are 
connected to the output giving a “parallel” arrange- 
ment. The same form of reasoning can be applied to 
this class as for the series and equivalent equations 
can be produced. 

Frequency response is considered again in Chapters 
15 and 16 with reference to complete control systems 
and electronic controllers respectively. 


CORRECTING UNITS 
The correcting unit is the final link in the control 
chain, and since it is responsible for controlling the 
medium applying the correcting action to the process 
its design is of considerable importance. 
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Fig. 228. Basic features of a pneumatic control valve 


With the operation of the majority of controlling 
units by compressed air, even with electronic con- 
trollers, it follows that the greater percentage of 
correcting units are actuated pneumatically. A smaller 
number are electrically driven, either by motor or 
solenoid, and some depend on water or oil for motive 
power. 


Pneumatic Correcting Units 

Fig. 228 illustrates, diagrammatically, the essential 
features of a pneumatic correcting unit or control 
valve. At the head of the unit is a chamber containing 
a flexible diaphragm A of rubber, fabric, or similar 
substance. The diaphragm virtually seals the chamber 
into two parts, the upper section receiving the pneu- 
matic signals from the controlling unit, via inlet B. 
This section of the assembly is often known as the 
diaphragm motor or valve motor. The signals deflect 
the diaphragm which, it will be observed, is fixed to a 
solid centre member from which shaft D extends 
downwards into the body E of the valve. The deflec- 
tion is opposed by spring C, whose rating determines 
the extent of travel of the shaft for a given pressure 
range and effective diaphragm area. ; 

At the lower end of the shaft are two plugs F working 
in a vertical direction in the orifices or seats G, and, by 
virtue of their contour, varying the orifice area as 
they are moved up and down by the shaft motion. 
The latter is dependent on the diaphragm deflection, 


which is related to the pneumatic signals received. 
Hence, we have a means of automatically adjusting 
the orifice area in response to the action from the 
controlling unit, and thereby altering the flow of the 
medium through the valve. 

H is a gland, or stuffing box, which allows the shaft 
to move vertically, but prevents leakage of the fluid 
flowing through the valve body. This is particularly 
necessary at large working pressures. It is packed into 
preformed rings of material such as asbestos, p.t.f.e., 
or even metals. The choice depends on such factors 
as operating temperatures, etc. A refinement is to 
provide the stuffing box with fins for cooling purposes 
at high temperatures. On one type of finned control 
valve, it is estimated that the stuffing box temperature 
is 300°F lower than the body of the valve when very 
high temperature fluids are flowing. It should be 
noted that, with temperatures below freezing, the fins 
exert the opposite effect and may prove beneficial at 
low values. 

The valves are not alway double seated, a consider- 
able number in use possessing only one seat. Some 
advantages of double seated patterns will be seen 
later when forces acting on the valve are considered. 

With air failure in some types, the diaphragm rises 
to its maximum setting and withdraws the plug or 
plugs out from the orifices to the fully open position. 
Maximum flow takes place and the valve is said to open 
with air failure. On the other hand, other types tend 
to open with increasing air pressure and close with air 
failure. Both have their applications. If a valve were 
controlling the flow of a cooling fluid, for example, in 
a high power thermionic transmitter, it would be very 
desirable to continue the flow in event of air failure and 
use an open-with-air-failure valve. With a heating 
process, on the other hand, it may be desirable to use 
a close-with-air-failure valve, and so prevent possible 
damage to the process by the full application of heat 
which would result. 

It is necessary to consider what forces are acting on 
the valve. 


Forces Acting on a Pneumatic Control Valve 


Basic Forces 

If A is the effective area of the diaphragm, and 
(p; — p2) the pressure range to operate the valve 
between the fully open and fully closed positions, F 
the rate of the spring, and x the total travel of the 
shaft between extreme positions, 


A (p, — p:) = Fx (362) 
This is the basic equation of the valve, but, as we 
shall see, other forces are present to modify it. 


Pressure Load 


The orifice portion of the valve can be regarded as 
being roughly of the annular pattern. With a pressure 
drop existing across it, the pressure on the lower 
surface of the plug is greater than that on the upper 
surface. A set of conditions exists similar to those in 
the variable area flow meter (see Chapter 5). The 
result is that there is a certain thrust, and this is 
always present in a single seated valve. In a double 
seated type the thrusts may be made to act in opposite 
directions, and to cancel each other to some extent. 
An alternative name given to the double seated valve 
is the ‘‘balanced valve’. 
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The pressure load F, can be represented approxi- 
mately by the expression: 


PSS RAR He eB edos (363) 
where & = aconstant 
A = the area of the valve plug 


Ap = pressure drop across the orifice. 
The above equation shows a difficulty in positioning 
a valve plug, caused by the variable pressure drop 
across the valve with changing flow rates. This 
imposes a fluctuating load on the valve motor. 


Weight Load 


If the valve possesses any unbalanced weight in the 
moving parts, then this constitutes a load to be 
supported by the motor. 

Designating this load by Fy, 


Pepe Wa Ae areas 2 arte hock (364) 
where W, = the weight of the unbalanced moving 
parts. 


Inertia Load 


The valve involves a moving assembly comprising 
the central member of the diaphragm, the shaft and 
the plugs. If any acceleration or deceleration occurs, 
inertia will effect an influence. The force or load F, 
produced is: 


_ Wd 6 
a a er, (365) 
where W = weight of moving parts 
g = gravitational acceleration 
d*x, 
rT the acceleration or decelcration of the 


moving parts. 


Friction Load 


There are two species of this type of load: dynamic 
and static. 


Dynamic Friction 

Referring to Fig. 208, the presence of the stuffing 
box or gland, through which the shaft travels, may 
occasion a dynamic friction load, particularly if a 
viscous fluid is present. The simplest law relating the 
resistance to motion through a viscous fluid is that of 
Stokes: 


Fi, =kVio 
a constant 
the velocity of the shaft 


a dimension equivalent to a length 
the absolute viscosity of the fluid. 


where 


teil tt tl 


k 
V 
l 
n 


Static Friction 


If moving parts are in contact, static friction forces 
are set up tending to oppose any travel. The force is: 


Poe ely § aw achwan wn (367) 
where Fy = the normal force applied at the surfaces 
in contact. 


wu = the coefficient of friction. 


The additive effect of the above forces can be 
serious enough to influence accuracy of control, 
particularly in proportional plus integral control 
where the valve must be positioned so that there is no 
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Fig. 229. Valve positioner 


offset. An example may serve to illustrate the errors 
likely to be set up. 

In a well designed valve, the total error force may 
be as low as a few ounces, but it can rise to be a few 
pounds. A typical operating pressure range for a 
control valve is from 3 to 15lb/in?, i.e. r2lb/in*. Let 
us consider a temperature controller, instrument range 
o°C to 200°C, operating with a proportional band of 
120 per cent. For a 1°C change, the following pressure 
change is required: 

100 X I X 12 
120 X 200 


If the effective diaphragm area is 50in?, cor- 
responding approximately to an 8in. effective dia- 
meter, the total force available to produce the necessary 
valve change is 50 X 0:05 = 2:5lb. 

An arbitrary ruling is that the hysteresis should not 
exceed 1% of the full range of operating force. In the 
present example this would be 1% of 600lb = 6lb 
This is greater than the 2-5lb required to move the 
valve stem for 1°C temperature change. One could 
increase the diaphragm area to 100 or more in? 
which would decrease the relative effect, but this is 
not necessarily the solution. One statement by R. B. 
Werey(®) perhaps summarizes the situation, “When 
used for throttling control service, the conventional 
spring and diaphragm motor, as previously stated, 
can hardly be classified as a power unit. Actually, it 
is merely a set of balanced forces whose potential 
power diminishes practically to zero as the width of 
the proportional band adjustment in the control 
instrument is increased. Any attempt to improve this 
potential operating force by merely enlarging dia- 
phragm areas is illogical and unsatisfactory. 

“The answer to the problem lies in the use of a 
valve positioner and a complete re-appraisement of 
motor design.” 

A typical valve positioner is shown in Fig. 229. 
The operation is relatively simple. The output signal 


= 0-05]b/in? 


1Olb 2000Ib 


Fig. 230. The effect 
of a valve positioner 
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from the controller is applied to the bellows X. Imagine 
an increase in pressure. The bellows extends against 
the spring and moves the upper lever. This in turn 
moves the baffle nearer to the nozzle of the relay 
valve. The pressure in the nozzle increases. It is 
amplified by the relay and is transmitted to the 
diaphragm of the control valve. The amplified signa] 
moves the stem of the valve downwards. The inter- 
mediate graduated lever is connected to the valve stem 
or push rod and is carried downwards. By virtue of 
the adjustable pivot and the lower lever, it carries 
with it the upper lever and withdraws the baffle away 
from the nozzle. A position of equilibrium is eventually 
reached where the valve opening corresponds to the 
value of the controller signal. 

Valve positioners can produce gains of the order of 
200/1. The general effect is illustrated in Fug. 230 
where a 10lb total force without positioner can reach 
a value of 2000lb with positioner. There is ample 
force available then to overcome any friction effects, 
etc. 


Rangeability 

A valve possesses a minimum flow. Due to the 
clearances necessary to prevent binding and sticking, 
a complete shut-off is not necessarily achieved. The 
ratio of the maximum flow to the minimum flow is 
termed the rangeability of the valve. From the flow 
formulae, an expression connecting the valve range- 
ability, the flow rangeability, and the pressure drop 
rangeability may be produced. 


a Van x a 
Ry = Ry a/R, = Ease APmsx | (368) 

Vinin APmin 
where R, = pressure drop rangeability (maximum 
pressure drop/min pressure drop 


ve 
Abwmin 


Ry, = valve rangeability 

R, = flow rangeability (max flow/min flow 
Vinax 
V min 


The normal maximum flow should be distinguished 
from the maximum flow that the valve can carry. 
For example, the normal maximum flow may be very 
often about 70 per cent of the maximum, and the name 
turndown is given to the ratio of this to the minimum 
flow. If a flow rangeability of 20 is required between 
the normal maximum, and the minimum flow, the 


100 X 20 _ 
JO 
These factors should be considered when determining 

valve diameters. 


valve rangeability must be at least 


Effect of By-pass Valves 


An installation as indicated in Fig. 231 is often 
included in process control, but the by-pass is normally 
closed. If the control valve has to be removed from 
service for any reason, the hand valves are shut, and 
the by-pass valve opened so that manual control may 
be substituted. If the by-pass valve is opened when 
the control valve is operating the results may be 
serious as the following figures show: 


Sey 4 
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CONTROL 
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Fig. 231. Control valve with by-pass 


Fraction of Flow Valve Turndown (70% 
in By-pass Rangeability Max. Flow) 
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Not only are the rangeability and turndown vastly 
modified, but the actual flow characteristic is altered. 
Fig. 232 illustrates the general effect. 

The isolating valves, normally fully open, must be 
the full line size and offer very low resistance to flow. 
The control valve is normally smaller than the line, 
and the by-pass valve should be of the same size as 
the control valve. 


Effect of Line and Fitting Resistance 

The pressure loss in the lines leading to and from 
the control valve must be taken into account in 
determining the drop through the valve. Knowing 
the full pressure differential available, the pressure 
drop in the lines should be known or calculated. The 
characteristic changes with the ratio of pressure drop 
across the valve to the total pressure drop available. 
A serious change in characteristic of the valve arises 
as the ratio becomes smaller. A rough working rule 
is for the valve pressure drop to be about 70 per cent 
of the available differential. 


Fig. 232. Effect of by-pass on rangeability 
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Valve Characteristic Curves 

The characteristic curve is usually presented as the 
percentage of total valve lift (i.e. shaft travel) plotted 
against the percentage of total or maximum flow. 
The orifice opening is a function of the lift, and the 
flow characteristic may be considerably varied by 
shaping the plunger to different contours or by making 
the plunger of the hollow ported pattern. 


Linear Characteristic 

In this, an effort is made to achieve equal increments 
in flow for equal increments in lift, at a given pressure 
drop. The curve is shown in Fig. 233. A dead straight 
line is difficult to obtain practically, but the normal 
characteristic is near enough for most control purposes. 
The plunger shape required is parabolic, or V-ported. 


Equal Percentage Characteristic 
For a linear characteristic, 5Q, the increment in 
flow is proportional to an equal increment in lift, 


8/, i.e. 
5Q = k,8i (369) 
For equal percentage valves, however, equal percent- 
age increments in flow are produced for equal incre- 
ments of lift: 
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5 
ae KOO = 28 oe ee es (370) 
Integrating both sides of this equation, gives 
LOR pO SR ath Brew me Wea (371) 


VALVE MET 9 % 
Fig. 233. Valve characteristics 


Thus a semi-logarithmic characteristic is required. 
It is found that a plunger with a general parabolic 
contour is suitable for obtaining a flow-lift curve 
which approximates very closely to a logarithmic 
characteristic. V-ported plugs with specially shaped 
ports are also included in the design of equal percentage 
valves. 

Figs. 234 and 235 show commercial valve designs 
with different plugs. 


Quick Opening Valves 


These valves employ bevel disc types of plugs and 
the flow-lift curve appears as in Fig. 233. 


Weir Pattern Valve 


This valve is rather different to those discussed 
above. It makes use of a non-metallic diaphragm 


instrument Air 


‘diniaaialeeaean 
Connection 


hhh 


Stainless Steel _ 
pring Stem 


Control Spring 
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Ranges 


Spring Adjuster 


Position Indicator ————_____________» 


Split Coupling to 
Plug Stem 


Lubricator ————_________ =» | 


Lubricator Isolating ______,. ia 
Valve 


Plug Stem 


Plug, Single or Double 
Seat. Equal %, Linear, 
or Quick-opening 


Body Invertible 
(with plug) for ————+> 
air-to-open action 


instead of the normal plugs. It has considerable 
application in such industries as the manufacture of 
acids, alkalies, food, etc., where corrosion is likely to 
take place (Fig. 236). 

The particular application of the foregoing valves 
in control work depends on the nature of the process 
and control demanded. In a very broad classification, 
quick opening valves would be used for two-step 
control, equal percentage types for one, two or three 
term control, and linear patterns for special plants. 


Butterfly Valves 


The diaphragm type of valve is manufactured in 
sizes ranging from jin. diameter to about 18in. For 
larger diameters, it is desirable to utilize the butterfly 
model, with the proviso that low pressure drops only 
may be tolerated. If the construction is examined in 
Fig. 235, it will be seen that the valve consists of a disc 
rotating in the cylindrical bore of the valve, the axis 
of rotation being a diameter of the cylinder. It can be 
realized without much difficulty that as the disc 
rotates to close or open the valve, a large differential 
would set up high unbalanced forces. 


+—— Inter mediate 
Tubular Steel Type 


Cast Yoke Type 
(Alternative) ——» 


124 


Diaphragm. 
Neoprene, Nylon 
Reinforced 


Pressed Steel 
Diaphragm Care and 
Spring Barrel 


Positioner Bracket 


Fig. 234. The construction of 
a commercial double seated con- 
trol valve. Reproduced by 
permission of J. Blakeborough 
and Sons Lid. 
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Louvre Damper 

The louvre is composed of a series of adjacent 
rectangular vanes, and is used for the control of air 
and gases. There are different models: in one their 
blades all rotate in the same direction, in another, the 
blades are equipped with guides to improve the flow 
characteristic, and in a third type, the blades may be 
made to operate in opposite directions. 


Calculation of Control Valve Sizes 

The control valve as an orifice device has a flow 
equation fundamentally the same as the standard 
orifices described in Chapter 4. A shorter form is 


used here. 
For liquids, 
iu Ce Mi. 2 = ae a Ay: (372) 
For gases, 
= ca f= (373) 


Fig. 235. The construction of a three way control valve 


with characterized ports. Reproduced by permission of 


J. Blakeborough and Sons Ltd. 


For steam, 


where 


Cy, Values 

An alternative method of calculating valve sizes 
makes use of a measured hydraulic valve coefficient, 
known as the “‘C, value”. This is the value obtained 
for the flow of water through a fully open valve, when 
the pressure drop is maintained at 1lb/in®. Then a 


DBO rors aS PO 


kik dkadidarod 


mite mi ht rer (374) 


liquid flow in gallons/minute or hour 
discharge coefficient (liquids) 
upstream pressure Ib/in? 
downstream pressure Ib/in? 
valve diameter inches 

density Ib/ft# 

gas flow in c. ft/minute or hour 
discharge coefficient (gases) 
absolute temperature (°F) 

flow of steam in Ib/hour 
discharge coefficient (steam) 
specific volume in c. ft/Ib. 
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Fig. 236. Weir type of contro] valve (Saunders Valve 
Co. Ltd.) 


general expression for other liquids and pressure 


drops is: 
AP 
—s ne 
\ SG (375) 
SG 
fs — V ae A) 66060llC RO eels Se 
or C N Ap (376) 
where V the flow rate in gals/min 


SG = the specific gravity of the liquid 
Ap = the pressure drop in Ib/in?. 

The flow is expressed in gallons per minute, and since 
the Imperial gallon differs from the U.S. gallon (1 imp. 
gal = 1-2 U.S. gal), there is a difference in British and 
U.S. hydraulic valve coefficients i similar valves. 

For gases, it is customary to consider the rate of 
flow in terms of a normal pressure and temperature. 
This is usually 14-7lb/in? absolute and 60°F. 

The formula can be expressed in a number of ways 


= K,C, ,/ a? (Pett) 
Q 1 SC a) - +++ (377) 


Fig. 237. Butterfly pattern control valve 
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= Ap /P: 
=. KyGe oh 
Q 2Vv SG = se eee (378) 
Ap (P:Tp 
= K,Cy ee ee 
Q 3 SG AT, (379) 
where (Q = the rate of flow 
Ap = the pressure drop 
P; = the pressure under operating conditions . 
P, = the basic pressure, i.e. 14-7lb/in? 
T; = the temperature under operating condi- 
tions 
T, = the basic temperature. ie. 60°F or 
512°F absolute 
S.G. = the specific gravity of the gas 
K,, K,, K; = constants. 


The correct value of P; needs a little consideration. 
If the upstream pressure value is taken, the calculated 
flow is higher than the actual flow. If the downstream 
value is taken, the calculated value is too low. An 
approximation often used is the average of the up- 


P,+P. 
stream and downstream pressures, i.e. P¢ = (2) 
2 


For vapours the following equations can be obtained, 
in a similar manner, expressing the rate of flow (W) in 
lb/hr and the specific volume V, in cu ft/lb. 


WTAE hime (380) 
Vs 
W /T 
or Cy = mA ———— ee ceveeees 8 
kK, Ab Wy G z 
where W, = vapour density. 
K,, K, = constants. 
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QUESTION 


1. The true gas fluid capacitance C, of a closed vessel 
is given by: 


V 
Cc, = ART j? 
where V = the volume in ft?, 
nm = aconstant. 
R = the gas constant 53-3ft/deg. 
T = the absolute temperature Fahrc nheit. 


Calculate C, for a metal bellows with a mean 
diameter of rin. and length 2}in. Take m as I-I, 
R as 53°3ft/deg. and T as 60°F = 520°F absolute. 
(C, = 0°410 X 10° ft?). 

The true resistance R, of a restriction for laminar 
flow is given by: 
1288 L 


ms 2 

R, = ~ De sec/ft 
where 8 = the kinematic viscosity of the gas 
flowing through the restriction ft?/sec. 

L = the length of the restriction in ft. 
D = the inside diameter of the restriction 
in ft. 
g = 32-2ft/sec?. 


Calculate R, for a length 2in. of capillary tubing 
o-orin, internal diameter. Take 8 as 16°38 X 
10-*ft2/sec. (R, = 7°35 X 107sec/ft?). 

Hence find the value of the time constant R, C; 
(0-30sec). 


British Standards 
B.S.1523. Glossary of Terms used in Automatic Con- 
trolling and Regulating Systems. 

Section 2. Process Control. 

In addition to Section 2, other sections of B.S. 1523 
have an interest for general control purposes: 

Section 3: Kinetic Control. 

Section 5: Components of Servo-mechanisms. 
B.S. 3512. Method of Evaluating the Performance 
of Pneumatic Transmitters with 3-15lb/in? (Gauge) 
Output. 
B.S. 2643. Terms relating to the Performance of 
Measuring Instruments. 


Chapter 15 


FIRST AND SECOND ORDER LAGS AND MISCELLANEOUS CONTROLS 


TIME LAGS 

A bes controllability of a plant or process depends 

to a vital extent on the delay occurring between 
a change in conditions at one point in a plant and the 
manifestation of this change at another point. The 
important delays or time lags can be classified under 
two general headings: Distance Velocity Lags and 
Transfer Lags. Consider Distance Velocity Lags first. 


Distance-velocity Lags 

Distance-velocity lag is defined by B.S. 1523, 
Section 2, as ‘‘The time interval between an alteration 
in the value of a signal and its manifestation unchanged 
at a later part of the system, arising solely from the 
finite speed of propagation of the signal.’”” The ten- 
dency is for the term to be restricted to cases where 
the medium is moving. An example is furnished by 
Fig. 238. The detecting element, a thermometer 
is situated at a distance L, from the plant in pipeline. 
A medium flows from the plant at a_ velocity 
Vft./second. The time for any signal, arising from a 
change in process conditions, to reach the thermometer 


is — seconds. 
L 


1 
If, for example, L, = 200ft., and V is 5ft./second, the 
distance-velocity lag is 40 seconds. 

Thermometer 


Fig. 238. Distance-velocity lags in a control loop 


A distance-velocity lag can also occur when the 
correcting unit is at a large distance from the process. 
If the valve in Fig. 238 is away from the process to 
any great extent, a delay is experienced between the 
adjustment of the valve and the new flow value 
arriving at the plant. 


Transfer Lags 

In the case of transfer lags, these must be considered 
at more than one point in the control loop. Detecting 
elements are responsible for some significant transfer 
lags and since they respond directly to changes in the 
values of the controlled conditions we may usefully 
consider them before the plant or process lags. The 
meaning of first and second order lags will become 
apparent as the chapter proceeds. 
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First Order Lags: Detecting Element 


Most serious detecting element lags can occur 
in a temperature control system. A transfer of heat 
is necessary from the medium whose temperature 
is being controlled, through the walls of a pocket or 
bulb to the sensitive element or filling. Any lag 
involved, therefore, is strictly speaking a transfer lag. 
The temperature detecting element is examined at 
some length because its lag can be detrimental from a 
control point of view. Consider the average element. 
If it is electrical—either thermocouple or resistance 
type—it is enclosed in a metal pocket with, very often, 
an air space between the element and the inner wall 
of the pocket. If it is a liquid or gas expansion, or 


—=~--——- Boundary layer 


= Filling (CD —- 


Fig. 239. A mercury-in-steel bulb as a first order system 


vapour pressure type, it consists of a metal bulb with 
the appropriate filling and again may be inserted in a 
pocket with an intervening air annulus. An analogy 
may be traced with a simple electrical circuit consisting 
of resistance and capacity. In the case of a mercury- 
in-steel bulb, for example, there is resistance—thermal 
resistance—formed by the boundary layer of fluid on 
the outer surface of the bulb. Capacitance, in the 
form of thermal capacitance, exists in the bulb and 
liquid filling (Fig. 239). Such a bulb can be approxi- 
mated to a resistance in series with a capacitance. 
If a sudden or step temperature change is applied to the 
bulb, following the electrical analogy, an equation 
may be established: 


eo ¢ © © © © © © © «© 


where . 
R = the thermal resistance of the boundary layer 
C = the total thermal capacitance of the bulb and 
filling 
T, = the temperature at any time ¢ after the 
application of the temperature change 
I, = the final steady or equilibrium temperature 
The solution of the equation is: 
t 
Tr =T,1-e RC) ........., 
RC is known as the time constant of the bulb, and 
is actually the time for the temperature to reach 
63°2% of its final value T,. Fig. 240 shows the ex- 
ponential type curve obtained by plotting Tr against 


qT 


62°37 
= 
2 
2 
® 
& 
—€ 
2 

O 

cote RE, 
Time t -—- : = 
Fig. 240. Response to a step change 


t, clearly showing the nature of the lag. The description 
“exponential lag’’ is frequently applied. Tests are 
very often carried out on simple temperature indicating 
systems by plunging the element into a bath at a 
higher temperature and observing the progress of the 
indicated temperature with time. The time for the 
temperature to reach the 63:2°%% mark is then taken as 
a measurement of the lag of the temperature element. 
Alternatively suppose that the bulb is exposed to a 
medium whose temperature is changing, for simplicity, 
at a constant rate, i.e. 
T, = Al 
where A = a constant. 


Substituting for 7, in equation (382) and solving 
gives 


t 
PA (: RG Re) ) 
Hence 
t 
Tr = T,— ARC(1—e7 RC)... (386) 
The lag is given by (T, — T,) and this ultimately 
equals a constant value RC. The curves of temperature 
and time appear in Fig. 241. T, = At is a straight 
line. The bulb temperatures commence with a pro- 
nounced curve, and then tend to straighten out as 
the constant lag value is reached. 
Then we must consider the behaviour of the element 
to a sinusoidal change in the temperature of the 
medium in which it is placed (see Fig. 242). 


Fig. 241. Response to a constant rate or ramp change 


Temperature JT -- 


Time t -—- 
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Let the variation proceed according to the equation: 
T = T,sin wt (387) 
where T, = the amplitude of the change 
T = the temperature at any time ¢ during the 
cycle 
«w = the angular frequency = 2t/f, where / is 
the frequency 
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The basic equation is: 
d Tp 
dt 


RC 


+T,=Tysinwti ..... (388) 


It is not necessary to present the full treatment 
of the solution of this equation since it may be found 
in most text books on automatic control or electrical 
engineering. 

The solution in which we are interested is: 


T, 
T pe ee, ee _— 8 
. JI + w? (RC)? (3 9) 


The amplitude has suffered an attenuation and is now 


sin (wt—d) 


ee ee ee O 
/t + o*( RCO) (390) 

There is a lag and it is given by: 
tan 6 = oRC ord = tan aoRC (391) 


From these expressions it can be seen that both 
frequency and the value of the time constant can 
influence the response to a significant extent. 


Example 


The thermal capacitance of an element is given by 
the product of its mass M and its specific heat S. 
The values are preferably in c.g.s. units. In the 
example of a mercury-in-steel bulb, the capacitance 
comprises two parts: that due to the bulb itself and 
that due to the mercury filling inside the bulb. 


Bulb o/d = I-4cm 
Bulb i/d = I-Ocm 
Bulb Length = 10-0ocm 
Vol. Vy = 7°54CC 


Density bulb py = 7-90g/cc 

material (steel) 

Specific heat of S,; = 0:107cal/s 

bulb material (steel) 

Thermal capacity of bulb 

Cy = Vy X px X Sy = 7'54 X 7:90 X O°107 = 6°37 


g. cal/°C 
Vol. bulb liquid Vz = 7:85cc 
(mercury) 
Density bulb liquid p, = 13°56g/cc 
(mercury) 


Specific heat of bulb S, = 0-033cal/g 

liquid (mercury) 

Thermal capacity of filling liquid 

Cr = Va X Po X Sp = 7°85 X 13°56 X 0'033 

3°51g.cal/°C. 

Thermal capacity C, of bulb and filling = 

6°37 + 3°51 = 9°88g.cal/°C. 

The calculation of the thermal resistance due to the 
boundary layer is not so simple as several factors 
are involved. For a given fluid, the speed of the 
fluid past the bulb, the Reynolds number, the Prandtl 
number and the Nusselt number are all involved. 
Making several assumptions regarding constancy of 


T=To sin wt 


Temperature T 


Time ¢ 


Fig. 242. Response to a sinusoidal change 


certain factors, the thermal resistance R, can be 
shown to be: 


Risa oe hh aes (392) 
where d = o/d bulb cms 
v = speed of fluid past bulb cm/sec 


Let us take a calculated value for R, of 0-70sec/g. 
cal/°C at a fluid speed of 2ft/sec or 120ft/min. 


Then the time contant = 

R,C, = 0-70 X 9°88 = 6-938ec 

The subject has been fully investigated by several 
research workers notably by Fishwick@) and Aikman (2) 
in this country. From the latter reference F ig. 243 is 
produced. The curves are calculated from formulae 
of the type in equations (389) and (391). The curves 
emphasize the nature of the phase lag and attenuation 
for two different types of resistance thermometers in 
protecting sheaths. h on the graphs is a convection 
film heat transfer coefficient from fluid to sheath. 


Fig. 243. Calculated’ ie tia has ties for two resist- — 


ance thermometers in sheaths. Reproduced by permission 
of the Society of Instrument Technology 
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First Order Lags: Plant Or Process 

Figs. 244(a) and (b) illustrate two very simple types 
of process. In Fig. 244(a) the tank is filled by the inlet 
pipe and liquid is drawn off by the positive displacement 
pump in the outflow pipe. In Fig 244(b) on the other 
hand, the rate of outflow depends entirely on the 
difference between the pressure exerted by the head 
of liquid in the tank and the pressure existing on the 
downstream side of the restriction valve. 

Let us see what happens in both examples when 
there is a sudden or step increase in the rate of inflow. 
Initially the rates of inflow and outflow are considered 
equal and the levels constant. 


Inlet pipe Inlet pipe 


= 


Restriction 
valve 
resistance R 


(a) (b) 
Fig. 244(a) and (b). Simple first order processes with 
pump and restriction in outflow line 


In Fig. 244(a) the rate of outflow created by the pump 
remains unaltered and the level commences to rise 
and continues to rise at a constant rate. The rate is 
proportional to the increase in inflow rate. Now 
the tank has a fluid capacity of C and its value is 
equivalent to the area of the tank at the level of the 


liquid. In a tank of uniform cross section this remains 


constant at all levels.. If Q is the increase in inflow 
rate and h the head of liquid at any time ¢, 
dh Q 


= 


HC (393) 


With such a system there cannot be any new equili- 
brium value. 

In Fig. 244(b) the initial effect is for the level to rise 
with the new inflow rate. But this increases the head 
of liquid in the tank. Assuming that the pressure 
on the down stream side of the valve remains constant, 
the new head value initiates a bigger outflow rate. 
A position of equilibrium is eventually reached where 
the head is sufficient to produce an increased outflow 
rate equal to the increased inflow rate. There is, 
in fact, inherent regulation in such a system whereas 
that of Fig. 244(a) possesses none. By inherent regulation 
we mean the property of a process to reach equilibrium 
after a disturbance (such as the increase in inflow 
rate in Figs. 244(a) and (b) without the aid of a controller. 

Fig. 244(b) possesses a capacity C and a fluid resistance 

An equation similar to (382) can be derived: 
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adh 
RC it +th=h, .... cc, (394) 
where h, = the new equilibrium value of 
the head. 
The solution is 
t 
h=h,(t—e RC) ...,...,, (395) 


This bears a close similarity to (383). 

The increase in level is of the same form as Fig. 240, 
and is of the same form i.e. an exponential lag. 

For decreases in inflow rate the level falls at a 
constant rate for Fig. 244(a). For Fig. 244(b) there is a 


Level 
controller 


Fig. 245. Simple first order process with level controlling 
the inflow rate 


new equilibrium head less than the original one, 
where the fall in outflow rate equals the fall in inflow 
rate. The decrease in level is given by the general 
equation: * 
t 
h = hye RC (396) 
The opposite action could occur with the inflow. 
rate remaining constant and the outflow rate changing 
due to a varied demand. But it is conceivable that 
both could change together, and the question of 
introducing automatic control arises. An elementary 
control scheme is outlined in Fig. 245, where the 
rate of inflow is controlled by the value of the liquid 
level. Even for this relatively simple scheme the 
control equations are involved. Eckman‘) has analyzed 
the controllability of Fig. 245 for the four main controller 
actions: two step, proportional, proportional plus 
integral and proportional plus derivative. Here, 
it will be only feasible to refer to the action of two 
step control with overlap. Fig. 210 of Chapter 13 
indicates the general behaviour of two step control 
without overlap. Fig. 246 indicates the action with 
overlap present. For a single capacitance process 
similar to Fig. 244(a), with pump operated outflow, 
Eckman shows the amplitude A of oscillation to be: 


(397) 


* © «© «© © © © @© @ © @ @ 


where A = the amplitude 
G = the overlap 
M = maximum value of the inflow 
L =the value of the dead time which is 
considered to be present 
C = the capacity of the tank 
The period of oscillation is given by: 
T L 2GC M? 
( oh M / U (M — U) 
Here U = the rate of outflow 
If the frequency of oscillation is to be reduced with 
overlap, or what is equivalent, the period made large, 
M must be small and C large. This is observable in 
equation (398). Fig. 247 shows the nature of the 
oscillation. 


(398) 


Example ; 
Consider a tank of area 4ft? with a maximum 
outflow rate of 2ft/sec. The dead time is 2sec. 
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Find the amplitude and period of oscillation for 
two step controller action. 


ML 
Amplitude A = G + —-— 
mplitude + 3¢ 


G = 2in = 1/6ft. 


L = 2sec 
C = Area of tank = 4ft? 
M = 3ft/sec (As a rough working rule 


the maximum inflow rate is taken 
as 50% more than the maximum 
outflow rate) 


Aabet 
6 2X4 
Aes 2 iin: 
6 4 


GC M2 
Period T = (z + | aa) sec 
U is 2ft/sec and L, G, C and M are the same as above. 
2 
ro (a4 PSEA) 
3X12 2 (3 — 2) 


Sa): 
g/2 


T 
T 11 sec. 


Chosen values: 


—— ee ee ee -—— — = ae OD ep ae ome 


controlled Overlap 


condition 


Controller 
output 
signal V 


Fig. 246. Two step controller action with overlap 


For the alternative process where the outflow 
passes through a restriction valve, the oscillations, 
take the form of segments of exponential shape. 
This is to be expected from a system possessing a time 
constant RC. 


Fig. 247. Two step controller action with overlap 
capacity only present 
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Time 
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Time = —_——_—__— 

+ 
Fig. 248. Two step controller action with overlap time 
constant present 


With level rising, Eckman?) deduces the following 
equation: ~ 


t 
With level falling, 
t 
@ = K (e ~&) + 6, 


6 = the deviation 
On = (RM + U — 8) 

R = outflow restriction fluid resistance 
M = maximum value of inflow 

U = value of outflow at any time 

0, = set value 

K = aconstant 

C = tank fluid capacitance 

6. = (U — 8.) 

From Fig. 248, the dependence of the period of 
oscillation on the time constant T = RC and the dead 
time Z can be seen. 

Before leaving first order systems one may perhaps 
draw attention to two aspects of proportional control. 
The offset 0, can be expressed as 


0, = pee ee ee oe (401) 
RK,+1 
From this we may observe that as the proportional 
action factor K, is increased, the offset is reduced. 
From equation (267) in Chapter 13, this is equivalent 
to reducing the proportional band, which confirms 
the deductions made in that chapter. 


Fig. 249. A mercury-in-steel bulb with pocket as a 
second order system 


- (399) 


where 


Thermometer 
bulb (C2) 


Air annulus 
Ra 


Nae 
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The stabilization time 7, can be expressed as: 


Ts 


RK (402) 

The broad definition here of stabilization time is 
the time for the value of the controlled condition to 
reach 98% of its new value. Again it can be seen that 
increasing K, reduces stabilization time. 


Second Order Lags: Detecting Element 


In Fig. 249, a mercury in steel bulb is shown with a 
protecting pocket. We have now a two stage system. 
There is the thermal resistance R, formed by the 
boundary layer on the outer surface of the pocket and 
a thermal capacitance C, formed by the pocket. 
Inside the pocket is a second thermal resistance R, 
formed by the air annulus between the inner surface 
of the pocket and the outer surface of the bulb. Finally, 
there is the thermal capacitance C, formed by the 
bulband filling. Two individual time constants R,C ,(L,) 
and R,C,(L,) are involved. 

From the electrical analogy at the right hand side 
of Fig. 249, there is interaction between the two 
stages. This is occasioned by the fact that the tempera- 
ture drop across the first stage R,C, depends on the 
rate of heat flow through the second stage R,C,. 
One can deduce equivalent independent stages. 
Assigning the symbols ZL’, and L’, to these, their 
values may be determined from the following relations: 

L', + L',= RC, + RC, + RC,. . (403) 
EYL, = RiC; RiCs 

The relation between the temperature of the medium 
and the temperature as measured by the mercury 
in steel bulb at any instant for a step change has been 
calculated by ref. 4. It is given by: 


t t 
is =f, € 4 ae 4 4 L’ 


The operative factor here is the value of R,C,. If 
this is small compared with the values of R,C, and 
R,C, one can take the values of L, and L, with little 
error for evaluating the time constants and the response 
mode. But of the units involved, the value of Ry 
can probably be the most influential, and this, again, 
depends on the annular width of the air pocket. 
The reduction of this to a minimum by careful design 
is obviously a fundamental requirement. Apart from 
this, however, attempts have been made to fill the 
space between the inner wall of the pocket and the 
bulb with a liquid, the improved thermal conductivity 
reducing the thermal resistance. In the case of resist- 
ance thermometers, in one design the element has 
been wound on a flat former, and heat conducting 
springs attached to the outside of the element so 
formed make good thermal contact with the inner 
surface of the pocket. A thermocouple can be particularly 
bad if, as is often the case, the couple is suspended 
inside the pocket with a relatively large air gap 
between it and the pocket. It is possible to ensure 
that the junction of the couple is in metallic contact 
with the inner surface of the pocket, but one should 
note that this may lead to earthing troubles. It is 
probably true to say that there is no universal panacea 
for this problem particularly with regard to the very 
large range of temperatures likely to be encountered 
in modern processes. 
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(405) 


(0) 


Fig. 250(a) and (b). Simple two stage processes: 
(a). No connection between stages 
(b). Connection between stages 


Second Order Lags: Process or Plant 

Figs. 250(a) and (b) represent very simple two stage 
processes. In Fig. 250(a) there is no physical connection 
between the two liquid level plants. In Fig. 250(b), 
on the other hand, there is a physical connection via 
the restriction valve R,. The response of the system 
in Fig. 250(a) to a step change supply is given by: 


Libs ( 3 ,-h- 3 nt)] - 400 
[,+L,\L, [, 


2= RC, 
8, = the output signal value 
0, = the input signal value 
To illustrate further the effect of time constants 
in such a system it is instructive to consider a sinusoidal 
input signal 
6 = 0, sin wi or 8= 8, sin = 


The amplitude A of the output signal is given by 


z Tr? 1r2 -1 
A=0,| (x — SF Luts)? + SEs + Ly]. « (407) 
The lag is 
27 
= (Ly + Za) 


¢@ = tan" . . (408) 


4m? 
1 Te Le, 


In the example of Fig. 250(b) similar expressions 
may be obtained by substituting L’, for L, and L’, for 
L,, L’; and L’, having the same values as in expressions 
(403) and (404). 

Whilst liquid level systems have been taken for 
explanation purposes, the same reasoning can be 
applied to two stage time constant plants involving 
other physical conditions such as temperature. In 
the example of a two stage thermal process, the 
exponential lag of the process itself may well be 
augmented by the exponential lag of the detecting 
element. 
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Transmission Lags 


We have two main forms of transmission lines in the 
process control field: electrical and pneumatic. In the 
case of electrical lines the transmissien time for a 
signal is negligible even for large distances. For 
pneumatic pipe lines, however, finite times are 
experienced for the transmission of signals, and these, 
dependant on pipe internal diameter and length, 
can cause significant lags. 

The subject has been investigated both theoretically 
and practically by J. E. Samson(®). Treatment is not 
easy but the author shows that the pneumatic trans- 
mission line can be considered analogous to an electrical 
line if the following broad assumptions are made: 


(a) Pressure disturbance values are small. 

(b) There is no steady flow of air in the line. 

(c) There is uniform distribution of the fluid 
resistance, capacitance and inductance para- 
meters throughout the line. 

(d) The load is lumped. 


The small disturbances that do occur do not 
vary the mean pressure level in the line. 

In this work a pneumatic sinusoidal generator was 
used and at the receiving end various pneumatic 
valve motors were coupled to the line. The paper 
gives a large number of curves for phase displacement 
and attenuation or gain over lengths of line up 
to roooft. 

Another author, M. Bradner(®), has experimented 
with step and constant rate input signals to the line. 
His results are expressed in terms of lags and lengths 
of line for various internal diameters. To illustrate 
the transmission lags likely to be experienced in 
practice we may quote some typical figures. 

A pipe with internal diameter 0-305in. has a lag of 
Isec for a length of 350ft, but this rises to 6sec for 
roooft and at 2000ft is no less than 20sec. The 
effect of decreasing the diameter is significant. For a 
pipe 0-188in internal diameter the lag is 0-8 for rooft 
length, 4sec for 500ft, 13sec for roooft and reaches 
40sec for 2o0ooft. Both pipe diameter and length 
are a matter for consideration in ‘control plant design. 


MISCELLANEOUS CONTROLS AND 
CONTROL FUNCTIONS 

Programme Control 

This is a control in which the set value is 
automatically changed from time to time in accordance 
with a pre-determined programme. In a number 
of instances a cam whose contour is cut to the time- 
value relation of the controlled condition is used 
as the basic control device, the follower adjusting 
the set value according to the required programme. 
The cam is normally driven by a motor similar to that 
which operates the recording chart, and it bears on #t 
calibration markings the same as the chart. A cut 
chart is often pasted on the cam for this purpose. 


Time-cycle Control 
Here, one or more correcting units are actuated 
on a time basis only. 


Self-actuated Controller 

A self-actuated controller derives the necessary 
operating power solely from the controlled physical 
condition. An example is furnished by the gas regulator 
in Fig. 251. A tapping from the downstream side 


Fig. 251. 


Self-actuated controller 


of the valve is taken to the diaphragm chamber. 
An increase in pressure raises the diaphragm and 
closes the valve orifice, whilst a decrease in pressure 
lowers the diaphragm and opens the orifice. The 
device acts as a controller with a small fixed 
proportional band to regulate the pressure. 


Ratio Control 


Ratio control is particularly applied to regulating 
two flow rates so that their ratio remains constant. 
Fig. 252 shows in simple diagrammatic form how this 
can be accomplished. FT is a flow rate transmitter 
operating from an orifice, nozzle or Venturi tube 
in one pipe line. This sends a signal to flow controller 
FC which is operating from an orifice etc in the second 
pipe line. The signal from FT is used to adjust the set 
value of the controller in such a manner that the 
desired ratio between the flow rates in the two pipe 
lines is maintained. As the set value is altered, the 
controller output signal is varied to provide the 
necessary new flow rate in the upper pipe line. 


Cascade Control 


In a cascade control system one controller alters 
the set value of one or more other controllers. 

A typical example is offered by Fig. 253. 

In Fig. 253 the stream feeding into the column 
comprises propane, isobutane, normal pentane, iso- 
pentane and natural gasoline. The sampling system 


Flow ratio control 


Fig. 252. 
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is taken from the oth tray of the column, and propane, 
normal pentane, isobutane, isopentane are the products 
of interest for analysis purposes. Controlling action, 
however, is effected by one component only— 
isopentane—whose peak area or height provides the 
signal for corrective action. 

Two recorder controllers are involved in a double 
cascade operation. One is the temperature recorder 
controller whose measuring element is at the 15th tray 
and the other is the flow recorder controller which 
controls the steam flow in to the column heater. The 
cascade action can be seen from Fig. 253. A signal 
from the chromatograph is used to adjust the set 
value on the temperature recorder controller which 
in turn supplies a signal to alter the set value on the 
flow recorder-controller. 

As a matter of interest, it is claimed that there was 
increased recovery of important components such as 
propane and butane and, coupled with reduced con- - 
sumption of steam and cooling water, it was considered 
that the gas-liquid chromatograph paid for itself 
every six weeks on this particular installation. 
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Fig. 253. Cascade control 


The gth tray was chosen since there was a higher 
concentration of components there and the instrument 
need not be too sensitive. It would have been preferable 
to analyze the overhead product since the gth tray 
products may not always be correlated to this. 


Dead Zone 


The dead zone is a zone in which a change of value 
of input signal takes place without initiating any 
perceptible change in output signal. It can be due to 
friction between moving parts and to lost motion of 
linkages, etc. It must not rise to more than a small 
fraction of the scale range, e.g. it is desirable to restrict 
the value to less than 0-1% as an arbitrary value. 


Dead Time 


The dead time interval occurs between the reception 
of a change in signal and the initiation of a perceptible 
response. The control action will be delayed until 
the variable has reached the edge of the dead zone, 
if the system was previously balanced. F ig. 253 
shows the effect of dead zone and dead time. 


Controlled 


af __condition 


fer cent range. 
9 
td 


9 


Minutes 


Fig. 254. Dead zone and dead time 


Accuracy 


The basic meaning usually associated with accuracy 
is the nearness with which the measured or controlled 
condition is actually measured or controlled to the 
true value. The definition of accuracy has probably 
provided more argument than any other, but the 
foregoing will serve pending any official definition. 
Most manufacturers quote accuracy in one of three 
ways: 

1. Asa percentage of the instrument span, at any 

reading. 

2. Asa percentage of the maximum scale reading, 

at any reading. 

3. -As a percentage of the actual scale reading. 
As an example, consider an instrument with a span of 
400°F. to 1200°F. and with measurement at goo°F. 
Let us see what an accuracy of + 1% means in the 
three cases. 


1. Accuracy a percentage of the instrument span 
Instrument span 1200°F. — 400°F. = 800°F. 
+ 1% of 800°F. = + 8°F. error limits 
at any reading, e.g. goo°F. 
2. Accuracy a percentage of the maximum scale 
reading. 
Maximum scale reading = 1200°F. 
+1% of 1 200°F. = 412°F. = error limits at 
any reading, e.g. goo°F. 


Fig. 255. Continuous bleed relay, direct acting 
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3. Accuracy a percentage of the actual scale reading 
Scale reading = goo°F. 
+ 1% of g00°F. = + O°F. 
It can be seen that the three forms of specifying 
accuracy lead to different limits of error. 


Reproduceability 


An important function of an instrument is its 
ability to reproduce its readings, i.e. the calibration 
should not change. A calibration alteration is not 
easy to deteet because of its gradual occurrence, 
and only efficient maintenance and checking will 
prevent it. It can be due to several causes such as 
thermocouple and resistance thermometer contamina- 
tion or metallurgical structure change, to a permanent 
set in a component such as a spring or a link, or toa 
stress in some instrumental member. Wear and 
erosion of orifice plates can also cause calibration 
changes. 

This, of course, must influence the accuracy of 
measurement or control, but accuracy in the first 
place is concerned with a system before any calibration 
changes have occurred. 
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Fig. 256. Continuous bleed relay, reverse acting 


PNEUMATIC RELAYS 


With many nozzle and flapper units a pilot 
valve or relay is often associated. This reduces any 
lag which the feed-back bellows may have introduced, 
and is also necessary where a large volume of air 
is involved in the connecting piping to the control 
valve and in the diaphragm chamber of the valve itself. 
If the nozzle alone carries out the operation, all the 
air supply must come from it, and the inflation and 
deflation of the various volumes may take some time, 
introducing an undesirable lag. A relay valve is 
useful, therefore, in improving the response, and is 
in the-nature of an amplifier of volume as well as 
pressure. The valves fall into two general classes: 
continuous bleed and non-bleed. 


Continuous Bleed Type Relay 

In Fig. 255 is a typical pattern of continuous bleed 
relay. It will be seen that the nozzle back pressure 
is fed into the diaphragm chamber and used to position 
the internal valve between its seatings. The pressure 
at the output is determined by the amount of air 
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Fig. 257. Non-bleed relay 
allowed to bleed to atmosphere via the vent. As a 


result there is a continuous consumption of air (typi- 
cally o-5cu ft min.). 

The relay shown in Fig. 255 is of the “direct” 
acting type, i.e. an increase in nozzle back pressure 
results in an increase in output pressure. 

Fig. 256 illustrates a “‘reverse’ acting pattern and 
the diagram shows that the output pressure decreases 
as the nozzle back pressure increases. 


Non-Bleed Type Relay 

This title is only approximately correct. Fig. 257 
indicates a typical design. The nozzle pressure is 
applied to the exterior of the large outer bellows A. 
The control line pressure is exerted on the interior 
of the small bellows B, and when the forces due to 
the two are equal, a balanced condition exists. The 
relay flapper C then covers both the exhaust nozzle 
D and the supply port E. Imagine the primary nozzle 
pressure to increase. The larger bellows is deflected 
downwards carrying the inner smaller one with it. 
D forces the flapper C away from the mouth of the 
supply port, but itself remains closed during this 
operation. Air is admitted to the control valve line and 
the interior of B. The force supplied by B increases 
and the bellows assembly is now moved upwards, 
proceeding until C arrives back in its original position, 
and the supply port is closed. On a decrease in pressure 
in the primary nozzle, the outer bellows moves upwards 
taking B with it. The exhaust nozzle now operates, 
since its mouth 1s uncovered by travelling away from C. 
Air bleeds away to atmosphere from the interior 
of B and the control valve line via exhaust port F. 
Pressure is reduced, and the bellows assembly begins 
to move downwards, continuing until nozzle D meets 
flapper C, and the exhaust passage is closed. Observe 
that only when a deviation occurs is there air con- 
sumption. The gain of such a relay is about 5, allowing, 
as in the other type, of a lower pressure in the primary 
nozzle. 

A dead spot may occur in this pattern if a spring 
is used to provide a positive closing force for C. Any 
increase in nozzle pressure must overcome the spring 
pressure. The disadvantage can be reduced by making 
the spring tension a minimum, and using as large a 
bellows area as possible. 


Transmitters and Distance Transmission 

The nozzle and flapper position balance or the force 
balance unit can be used as a basis for a transmitter 
for remote signalling. They may also be used with 


135 


transducers or converters to produce electrical signals 
at the transmitting end. Chapter 16 describes some 
common transducers. 

The question will arise as to the choice of transmitting 
media. So many factors enter into the consideration 
that hard-and-fast rules cannot be laid down. The 
following remarks are for general guidance. 


(1) In a plant liable to contain explosive or in- 
flammatory vapours air has some advantages from the 
point of safety. With electrical or electronic instruments, 
unless these are certified flameproof, there is a certain 
risk. The flameproofing of instruments generally adds 
a fair amount to the price. 


(2) Air transmission appears to have a limit of 
1000-2000 feet. Above this figure, electrical transmission 
becomes necessary, and this can be carried out where 
large distances are involved (e.g., a few miles) over 
telephone wires or power lines, provided certain pre- 
cautions are observed. 


(3) External interference does not arise with air 
transmission. With electrical transmission, on the other 
hand, unless the system is deliberately designed so that 
any interfering signal is nullified, shielding of the lines 
may become necessary. 


(4) If special lines have to be installed for electrical 
transmission, the cost of these as compared with a run 
of copper tubing should be borne in mind (particularly 
if the electrical transmission involves three or more 
wires). On the other hand, air-operated instruments 
require a compressor of fairly large capacity. If this is 
already on site to supply a number of other instruments 
in the plant, no extra cost is involved. A compressor 
especially for the distance transmission instruments may 
introduce a cost factor to their disadvantage. 


(5) The time lags involved from the point of actual 
transmission time bias the media heavily in favour 
of electrical signalling. 


(6) If installing an electrical transmission system, 
the effect of variation in supply voltage or frequency 
must be well considered. 
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Chapter 16 


TRANSDUCERS AND ELECTRONIC CONTROL SYSTEMS 


INTRODUCTION 


T operate an electronic controller one must have 
electrical input signals. Some of the detecting 
and measuring elements such as thermocouples, 
resistance thermometers and pH electrodes produce 
electrical signals directly, but others such as the non- 
electrical thermometers described in Chapter 8 and 
the flowmeters of Chapter 4 initiate non-electrical 
signals, and to use these with electronic controllers 
needs some form of converter or transducer. A 
transducer is simply a device which changes a signal 
in one form to a corresponding signal in another form. 
Strictly speaking, the nozzle and flapper unit is a 
transducer since it translates a displacement into a 
corresponding pressure signal. The two-phase servo- 
motor mentioned at the end of Chapter 9 could be 
classed under this heading since it converts an electrical 
signal into a displacement of the motor shaft. For our 
purposes in this chapter, however, we are concerned 
with transducers for converting non-electrical signals 
into electrical ones. The transducers most commonly 
used involve inductance, capacity or resistance. There 
are many types in each one of these classes and it will 
only be possible to call attention to one typical example 
in each category. 


INDUCTIVE TRANSDUCERS 
Differential Transformer 


The differential transformer has found wide applica- 
tion as a means for converting a displacement, cor- 
responding to the value of a controlled condition, to 
arr electrical signal. 

It comprises a transformer with an adjustable core. 
There are two secondary windings electrically equal 
and, indeed, wound adjacent to each other in the 
manner of Fig. 258 which shows the electrical 
arrangement of windings. When the core is 
symmetrically placed with the electrical centre of the 
transformer, the e.m.f.s E, and E, in the secondary 
windings are equal. As the core is moved away from 
the centre, however, one secondary e.m.f. becomes 
greater than the other. Referring to Fig. 258, as the 
core moves upwards from the centre, E, becomes 
bigger than E,. On the other hand, as the core moves 
downwards from the centre, E, becomes larger than 
E,. If, therefore, the displacement of the core is made 
proportional to the value of a controlled condition, the 
ratio or difference in the two e.m.f.s provides an 
electrical signal also, proportional to the value. Fig. 
259, illustrates a simple measuring circuit in which the 
two secondary windings form two arms of a bridge, the 
other two being provided by resistances R R. If this 
bridge is balanced for zero by the potentiometer, 
when the core moves from the centre position the out- 
of-balance current or e.m.f. can be used as a means 
of measurement directly or as an input signal to an 
electrical controller. 
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CAPACITIVE TRANSDUCERS 

In many designs of capacitive transducers, a dia- 
phragm forms one plate of a capacitor, and the deflec- 
tion of the diaphragm, in response to a pressure acting 
on it, varies the capacitance between it and a fixed 
plate. From Fig. 260, we see that, even if the deflection 
is small, the effect is not that of a simple capacitor 
where one free plate moves in a perpendicular direction 
to the other. Neubert“) has shown that the relation 
between pressure and capacitance change is given by 
equation (409) for a clamped diaphragm. 


8C 0:0625 (I—v?) atp 
C a 77 | (409) 
where C = the original capacitance. 
5C = the change in capacitance due to pressure #. 
5 = Poisson’s ratio. 
a = radius of circular diaphragm. 
# = thickness of diaphragm. 
E = Young’s modulus of diaphragm material. 


This, estimates Neubert), is only about } of the 
deflection of an equivalent free plate or piston move- 
ment. 

Differential pressure determination is not only impor- 
tant in the pressure measurement field itself, but 


Fig. 258. Electrical arrangement of differential trans- 
former windings 
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Fig. 259. Simple measuring circuit for differential 
transformer 


forms the basis of measurement in flow rate and liquid 
level installations. The provision of a differential 
pressure transducer in association with electrical 
control systems is, therefore, an essential requirement. 

The transducer of Fig. 261 is an interesting exercise 
in that it is a force balance device and combines a 
capacitive transducer with an inductive one. 

The measuring element as shown is a diaphragm for 
differential pressure determination but it may com- 
prise a special U-shaped Bourdon tube for gauge 
pressure measurement. It is coupled to a sealing 


Applied pressure 


Fig. 260. Diaphragm pattern capacitive transducer 


diaphragm and from the exterior of the diaphragm a 
connection is made to the upper or primary member of 
a three-beam lever system. The sealing diaphragm is 
at the pivot point of the primary lever and has 
negligible influence on the force set up by the measuring 
diaphragm. This arrangement also ensures that the 
effects of static pressure variation are reduced to a 
minimum. Friction in the lever system itself is mini- 
mized by the introduction of hardened and polished 
bearing surfaces. 
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Fig. 261. Force balance tnductive-capacitive transducer. 
(Reproduced by permission of Bailey Meters & Controls 
Lid.) 


On the right-hand end of the lower or tertiary lever 
member is.a coil. This moves in the field of a permanent 
magnet. The inside surface of the coil former acts as © 
one plate of a capacitor, the other plate being formed 
by the top surface of the central pole of the magnet. 

On the application of a differential pressure to the 
diaphragm a force is produced by the diaphragm 
proportional to the differential pressure. This force 
tends to deflect the diaphragm in the direction shown 
in Fig. 261. The deflection is transmitted by the lever 
system to the coil element. The movement of the 
upper plate of the capacitor element, i.e. the surface 
of the coil former, adjusts the value of the capacitance. 
The element forms one arm of a capacitance bridge 
and any alteration in the value upsets the bridge 
balance. This causes a change in the output current 
from the amplifier unit in the range o-10mA d.c. 
The current is passed through the moving coil. It 
varies, in proportion, the magnetic force acting on the 
coil. The magnetic force acts in the opposite direction 
to that due to the differential pressure, and a position 
of equilibrium is reached where a true force balance is 
established. The output current from the amplifier is 
then a direct measure of the pressure. As shown in 
Fig. 261 this current may be used to operate appropriate 
indicators and recorders or may be supplied as the 
input signal to an electronic controller. 

A later design of the same firm employs a triple 
bellows system filled with silicone liquid in the pressure 
chamber. The moving coil device is retained as an 
element in the force balance unit, but the system is 
simplified in that the capacitor arrangement is elimi- 
nated. 
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Fig. 262. Potentiometer pattern resistive transducer 


RESISTIVE TRANSDUCERS 


A very simple form of resistive transducer is formed 
by coupling a potentiometer requiring a very small 
operating torque to a prime mover such as a Bourdon 
tube. Intermediate lever or other movement magnifica- 
tion is necessary. Potentiometers with operating 
torques as low as } gram cm are available and these 
make this form of transducer possible. Fig. 262 
indicates the principle of the arrangement. 


Fig. 263. Grid form of strain gauge 


Another form of resistive transducer is the strain 
gauge and this is in widespread use as a means for 
measuring stress, force or weight. 


Strain Gauges 
Wire Wound Type 


Consider a wire of resistance R, length L, cross- 
sectional area A and specific resistance p. Then, 
pL 
ny (410) 
Let us examine the effect of straining the wire, i.e. 
increasing its length from L to (L + AL). Then, 


AR Ap 

R p 

AL = I+ 20 + AL Be oa sak eras (411) 
L L 


The left-hand side is variously termed the sensitivity 
factor, the strain sensitivity factor or the gauge factor K. 
If no change is envisaged in p, then the right-hand side 
of equation (411) becomes 1 + 20. If the maximum 
value of o is taken as 0-5, the value of K should not 
exceed 2, and, generally, since o for most metals is 
approximately 03, it should be less than 2. This is 
not borne out wholly in practice where K may vary 
from 1:7 to 2:3. 

If the strain is caused by a stress S, the resulting 
change in resistance from the unstrained condition 
affords a method of evaluating S. 
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Fig. 264. Helical wound pattern strain gauge 


Wire 

The wire for a strain gauge ideally should possess 
high strain sensitivity, high specific resistance and a 
low temperature coefticient. 

No wire used must, of course, be strained beyond its 
elastic limit, and this sets a maximum value for the 
strain of the order of o-1 per cent. If 2 is taken as an 


R 
average value of the gauge factor, “ is about 0-2 per 


cent for the average gauge. With R as 100Q, this 
means that AR is only 0-2Q. 

The construction of wire wound gauges takes two 
general forms: the grid and the helical. A grid wound 
gauge is shown in Fig. 263. It consists of a flat grid 
winding of wire of about o-oorin. diameter with a 
backing of material suitable to withstand the tempera- 
ture and other conditions under which it is likely to 
operate. Very thin paper, bakelized paper or bakelite 
itself have been used. The winding is protected by 
other layers of paper. The ends of the wire are soldered 
or spot welded to connecting leads. 

The helical pattern is wound round a former in the 
manner of Fig. 264 and is protected by layers of suitable 
material as for the grid pattern. 


Fig. 265. Double spiral pattern foil strain gauge 


Foil Type 

A totally different design gauge is the foil pattern 
strain gauge. The basic principle is that of a conduct- 
ing or resistance path produced by printed circuit 
techniques on a suitable backing material. A typical 
example is shown in Fig. 265 which is the spiral type. 
With the printed circuit method of manufacture, 
special shapes can easily be produced, and the whole 
gauge can be rendered extremely flexible. The main 
advantages claimed for the foil type are: 

1. The transmission of strain from the specimen to 
the foil is performed to a high degree of eff.ciency 
because of the construction. 

2. The ratio of element contact area to volume is 
very high. 

3. It is easily waterproofed. 

4. The soldering tags and the gauge proper are of 
one continuous structure. 

5. Special patterns are easily produced, 
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Fig. 266. A typical bridge arrangement for load cells 


Load Cells 

One of the most useful industrial applications of 
strain gauges as transducers is in the load cell. 

In a typical pattern of load cell, four strain gauges 
are used. They are formed from fine cupro-nickel wire 
and are bonded in pairs, round the surface of the 
central cylindrical portion of a pillar type cell. An 
exclusive bounding cement is used to attach the strain 
gauges to the cells in a permanent fashion, free from 
creep or other undesirable effects which would affect 
accuracy and reproducibility. 

The basic circuit for load cell operation is shown in 
Fig. 266. The four strain gauges are used to form a 
resistance bridge. Two of these, in opposite arms, are 
used for measuring, and the other two, also in opposite 
arms, are used for temperature compensation. It may 
be useful to note at this stage that the cells are enclosed 
in extremely strong cases and packed with water- 
repellent material and hermetically sealed. This 
renders them proof against humidity effects. The 
weight acts on the cylindrical pillar and produces 
proportional stresses. These are communicated to the 
strain gauges. Assuming that the bridge is balanced, 
stress occurring in either of the measuring strain 
gauges will vary their resistance and upset the balance 
of the bridge. This unbalanced output is fed into the 
servo amplifier. The output of the amplifier is con- 
nected to one winding of a servo-motor, the other 
winding of which is supplied with a reference voltage. 
On receipt of an unbalanced signal, the motor shaft 
rotates and, since it is linked to a potentiometer 
slider, it moves this slider in such a direction as to 
rebalance the potentiometer circuit. 

Also coupled to the motor shaft is the pointer of an 
indicator or the pen of a recorder and these are re-set 
to the new values. A feature of this form of instrumenta- 
tion is that it lends itself to digital indication. To 
effect this, it is necessary to couple to the motor shaft 
a digitizer, which converts the rotation into a digit 
train feeding into a digital type indicator, a card- 
punching machine, a type-punching machine or an 
electric typewriter or any of these in combination. 
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BASIC ELECTRONIC CIRCUITS 

Fig. 267 indicates a d.c. amplifier with an input 
network Z; and a feedback network Z;. The amplifier 
has a gain of —A, i.e. there is a reversal of sign between 
input and output. It is shown as a four terminal 
arrangement wherein all voltages are referred to the 
common earth line. In the simple circuits which follow, 
the earth line will be omitted but it must be understood 
that any voltages shown in these figures are with 
respect to earth. 

One next makes the assumption that the current 
taken by the input stage of the amplifier is zero. 

This is equivalent to assuming that the input imped- 
ance is infinite. A further assumption normally made 
is that the output impedance is zero. 

If 0; is the input voltage to the circuit and 6 is the 
actual voltage existing at the input to the amplifier, 
1, the current flowing through Z; is given by 


6; — 0 
Zi 


Similarly, the current 7, flowing through the feed- 
back network is 
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Fig. 267. D.C. amplifier with feedback network 


But with the above assumptions, 


ete: OL ae ee aoe (414) 
@é—-6 8-8 
“go ge” OS (415) 
The amplifier has a gain of —A so that 
ee: ee ee (416) 
‘Substituting for @ in (415) and rearranging, 
ae Bs I i Zt Pea eee (417) 
0; a; oe ne + Z, 


If the gain A is very large, equation (417) reduces to 


This is the transfer function of the circuit. 


Now let us examine Fig, 268 shown in the single line 
arrangement. In the feedback line is a capacitor C 


and in the input line a resistor R. These are equivalent 
to Z; and Z; respectively in Fig. 267. Making the same 
assumption as for Fig. 267, that 7, equals i,, 

0; a9, 


R- dt 
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Fig. 268. Analogue integral action circutt 
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a G05 wart a Gh hs (420) 
Integrating both sides, 

I 
Q= ae { re re (421) 


This implies that we can obtain an integral action 
with the circuit. 
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Fig. 269. Analogue derivative action circuit 


Next consider Fig. 269. This has a capacitor input 
and a resistor in the feedback line. C is now equivalent 
to Z; and R to Zr. Again assuming that the current 7, is 
equal to 7, 


a0; Bo 
rp es ereneravaens (422) 

From which 
6.= —RC a ee (423) 
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This gives a derivative relation between output and 
input voltages. 
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Fig. 270° Analogue proportional action circurt 


A third circuit is shown in Fig. 270. Here both 
input and feedback elements are resistors. Without 
much difficulty it can be seen that 

OR, 

Ry 

If 6, could be regarded as the full range output 
signal of an electronic controlling element, by adjusting 
the value of R, a range of input values could be ob- 
tained for this same value of 6. This suggests, from 
the definition of proportional band in Chapter 13, that 
we have in Fig. 270 the basis of a proportional con- 
troller with proportional band adjustment. In a 
similar fashion, the circuits of Figs. 268 and 269 
could form the basis of electronic integral and derivative 
controller actions respectively. From the circuits shown 
in the three figures one should be able to devise two 
term or three term controllers corresponding to the 
pneumatic examples of Figs. 216 to 227 in Chapter 14. 
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Figs. to 268 are 270 strictly speaking analogue 
computer circuits, but their application in process 
controllers will be apparent when actual electronic 
designs are considered. 

Before dealing with these, however, it will be most 
convenient to introduce the differential operator. 


Use of the Calculus Operator 


So far in using differentiation and integration the 
equations have been expressed in the full terminology. 
There is, however, a kind of mathematical shorthand 
which may be used, rendering equations less formidable 
pone and the derivation of expressions easier to 
ollow. 


a a6 
For — is written D, so that e becomes D 0. —— is 
dt dt at? 
a*0 
written as D260 and 7 generally as D"0. 
If J represents the integration operator, 
pa.0 
~ D 
; ) 
From this, fe dt can be reduced to D 
A few examples will clarify the procedure. 
Equation (421) can be written, 
1 0; 
oS ee Sa ees 2 
oS aa ae (425) 
Equation (423) becomes, 
6=—-RCDQG ... 2. eee eee (426) 


Again, for a controller unit producing proportional 
plus integral action 


V = —K—K, | Qd¢ ww ee (427) 
or V=-—K, ¢ +- = {edt ) i, ATI asd (428) 
with the differential operator D, 
) 
3 (0 + ip) ee (429) 


Now we can manipulate the operators in a similar 
fashion to algebraic factors so that (429) can be written 


I 
V= — 0K, (= + >) a ST Nee aes ee (430) 
or in terms of a transfer function 
V I 
Za K, (« st o>) ee ee (431) 


In a similar manner, for a proportional plus derva- 
tive controller, 


V 
6 — K,( x + 4D) 


The letters p and s are sometimes used instead of D 
for the operator. 


. Electronic Proportional Plus Integral Controller 
Units 

Next let us consider further circuits for two and 
three term control, keeping to the analogue designs 
for the time being. Fig. 271 represents an arrangement 
for producing integral controller action. 


oe a See 


Fig. 271. Integral controller action circuit 


If this circuit is examined it will be found to be 
basically the same as Fig. 194 of Chapter 13 with a 
feed forward and a feedback channel. If the gain of 
the unit G,, which corresponds to the amplifier in 
Fig. 271, is very high, the transfer function is given by 


= (433) 
@, ARES er ae 
where 
G, = the transfer function of the feedback 
network. 
In Fig. 271, 
Or Ri 
G, = ver of a » (434) 
° 


Ri +2 idt 


where 1 = the current flowing through R and C. 


Writing = for | tdt 
Ri 
G, = — iC PUGS (435) 
Ri + CD 
R 
G, = a Da ie ok oe (436) 
R+ CD 
I 
G, = TO ee (437) 
7+ RCD 
But — = — zal 
i 92 
Hence 
—_ (« + —_ 8 
a RCD) ccc (438) 


This is of the same basic form as previous equations 
for integral controller action. Replacing RC by ¢,, 


oe 
a, a, Chess, aeobe ete es (439) 


Reverting to the single lead arrangement, figs. 272 
and 273 show proportional plus integral control circuits. 
Fig. 272 is an advanced negative feedback method. 
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Fig. 272. Integral controller action circuit with 
advanced negative feedback 


The transfer function for this figure can be shown 
to be 


0, I 
ae! sae ee K, ~~ J} = «© «© «© © © « « O 
8, (= + a) (440) 
where 
R 
Ka —- = 
R, 
t, = RC 


It can be seen that equation (439) is of the same 
form as (436), the basic one defining proportional plus 
integral controller action. 


Fig. 273. Integral controller action circuit with delayed 
input 


In the delayed input method of Fig. 273 the transfer 
function is 


Oo k t,D + I 
— = — Ky(————]}___ig iw iw aw wes 
0; ( ?#D+1 ) (447) 
where 
Rs 
Ks —— a rec 
2R, 
pee). am 
(2R, + Rj) 
— C (2R, + R,) 
: 2 


Electronic Proportional Plus Derivative Con- 
troller Units 

A derivative control circuit is given in Fig. 274. 
Like Fig. 271 for integral controller action it is used 
fairly frequently, often in association with Fig. 271. 


Fig. 274. Derivative controller action circuit 


Following similar reasoning to that for the integral 
example, 


I 
uaeY td 
0, Al et 
G, 5 = Bi eases Sl geaes (442) 
° Ri + alia 
Writing 7 for [ idt 
D ! 
we 
CD 
re en eee eee (443) 
Ri + — 
'* oD 
ee ae (444) 
PG,  seveneres 444 
From which, 
Q 
= —( Rep + r) inthis nan: Ayah (445) 
Replacing RC by tp 
80 
ro -(toD ie r) oR ae keds he ata (446) 


Two arrangements are possible: delayed negative 
feedback and advanced input. 
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Fig. 275. Derivative controller action circuit with 
delayed negative feedback 


Fig. 275 shows the basic circuit tor delayed negative 
feedback. The transfer function can be derived as 


Oo 
= KelpD +1 were ees (447) 
where 
2R 
kee 
Ry 
RC 
= 
2 


Observe that the delayed negative feedback principle 
has been described before when dealing with pneumatic 
proportional plus derivative controller action in 
Chapter 14. In Fig. 225 for example there is a similar 
derivative resistance or restriction feeding into the 
negative feedback capacitor formed by the bellows. 


oe 
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Fig. 276. Derivative controller action circuit with 
advanced input 
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The advanced input method of Fig. 276 is not so 
much used with electronic controllers. The transfer 
function can be shown to be 


85 
@ = ~KolD+  ....... (448) 
where 
Ky = as 
Ry 
ty = R,C 


True Integral Action 

If a step change is applied to an RC network the 
curve relating the change in value of the output signal 
to time is an exponential one. This applies both to 
pneumatic and electronic examples. In Figs. 222 and 
ohn is 
at 
continuously changing as #, increases to the final value 


223 of Chapter 14, if f represents a step change, 


p. Only initially will a be proportional to # whereas 


a 
the requirement is for es to be propertional to 


during the whole of the operating time. This calls, in 
effect, for a constant pressure drop across the integral 
restriction. Feedback action coupled with a high gain 
nozzle-flapper amplifier can produce an approximation 
to this requirement. 

For electronic integral action consider Fig. 268. 
With an amplifier gain of —A, for a step change 0; 
the relation between 8, and 0; can be written, 


@ = —0;A (I —e€ RUTH) . . (455) 
Expanding the term inside the brackets and re- 
taining just the first two terms of the series, 
Ot t 
~ RC\* ~ 2RCA 


0 = 


Oi 
The true integral action is represented by rc the 


error or departure x from this value is given by 
t 

s= 

2RCA 


Assigning some figures to equation (457), some idea 
of the minimum gain required by the amplifier may be 
found. Let x = 1%, RC = tosec andt = 500sec, then 

I 500 


100 2XxXI0XA 
From this, A must be at least 2500. 


Different requirements for RC and #, however, can 
alter this value considerably, and there are other 
methods of ensuring true integral action in electronic 
controllers as we shall see when the various types are 
considered. 


Integral Limiter or Desaturator (Reset Windup) 


It is thought desirable to include a brief note on one 
unfavourable aspect of integral controller action. 
Under some conditions, particularly during the start- 
up period, the amplifier of the controller unit can 


HIGH GAIN 
O.C, AMPLIFIER 


DERIVATIVE INTEGRAL 
ACTION 
MODULE MODULE 


saturate. This applies to both pneumatic and 
electronic versions, and results in the controller unit 


producing its maximum output signal, despite the—— 


changes in the value of the controlled condition, until 
the set value is reached. The correcting unit has, of 
course, moved to the fully open position and has 
remained there, obeying the value of the controller 
output signal. It can be seen without much difficulty 
that conditions for overshoot are produced, the con- 
troller output signal not changing its sign until the set 
value has been reached. In the case of batch produc- 
tion where start-ups may be on a regular basis this is 
clearly undesirable since the value of the overshoot 
may be such as to damage the product. Some form of 
limiting operation on the integral controller action is 
necessary. Depending on process characteristics the 
introduction of derivative controller action may reduce 
the overshoot value, but integral limiting devices are 
included in many proportional plus integral action 
controllers, and references 2 and 3 give typical 
examples of these. Other examples will be found in 
the descriptions of electronic controllers which follow. 


ELECTRONIC CONTROLLERS 


It is not intended to present an exposition of every 
electronic controller available in this country, but 
rather, by choosing one or two examples, to illustrate 
how the basic circuits so far discussed are applied in 
commercial models of electronic controllers. 

Fig. 277 shows the build-up of the Bailetronic* 
modular controller of Bailey Meters & Controls Ltd. 
The fundamental unit here is the proportional amplifier 
with isolated input and output terminals. The 
amplifier is a high gain chopper type d.c. design, the 
chopper frequency being 500c/s. The latter frequency, 
together with the isolation scheme, gives a large amount 
of protection against unwanted induced a.c. signals. 
Integral and derivative controller actions are included 
by adding separate modules and it can be seen that 
both actions are produced by networks of the types 
shown in Figs. 271 and 274 in the feedback path of 
the amplifier. The reference line here is the negative 
line and not earth as indicated in the figures quoted. 
The measured value is compared with the set value 
and the deviation between the two is applied to the 
proportional band adjusting potentiometer shown at 
the input to the d.c. amplifier. 

Signal input is o-romA and the output signal 
standard range is o-1omA. The proportional band 
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Fig. 277. Three term 


modular electronic controller. 


Souk (Reproduced by permission 
. of Batley Meters & Controls 
Lid.) 


may be adjusted between 2 and 1000% or in terms of 
gain from o-r to 50. Integral action times can be 
adjusted in a series of twelve steps between 3sec and 
tomin. Derivative action time is adjustable between 
o°5 and 120sec. 


INTEGRAL TIME 


Fig. 278. Two term electronic controller. (Reproduced 
by permission of George Kent Lid.) 


A simplified diagram of a two term electronic con- 
troller of George Kent Ltd. is that of Fig. 278. Pro- 
portional band adjustment is by the input potentio- 
meter and integral action time is produced by a network 
of the type of Fig. 271. Input signal is o-romA and 
output signal is 0-romA. The proportional band is 
continuously variable between 5 and 500%. Integral 
action time is adjustable in ten steps from 05 to 
25sec. 

In the three term version of the same firm (Fig. 279), 
it will be observed that the proportional band adjust- 
ment and the derivative action time circuit are made 
part of the feedback channel of one amplifier and the 
integral action time network is in the feedback channel 
of a second amplifier. Proportional band adjustment 
covers the same range as in the two term design, but 
the integral action time is now variable from 0-5 to 
zomin and derivative action time from o to 5min. 


Fig. 279. Three term electronic controller. (Reproduced 
by permission of George Kent Lid.) 
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In the Conzel* controller of Negretti & Zambra 
Ltd., shown in Fig. 280, the integral action time net- 
work is shown as ‘‘Reset’”’ and the derivative action 
network, designated ‘‘Rate’’, is included in the feedback 
channel of the amplifier. Observe the integral limiter 
connected as a feedback channel. It ensures that the 
controller output signal value is altered as soon as the 
signal from the process itself changes direction. This 
prevents the saturation effect described in the previous 
section. 

As with the other designs, the controller is an 
operational amplifier with variable networks for pro- 
ducing proportional, integral and derivative responses. 
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Fig. 280. Three term electronic controller. (Reproduced 
by permission of Negretti & Zambra Lid.) 


The amplifier is a diode modulator stabilized type. 
Ultra-low leakage surface passivated diodes are used 
to modulate the d.c. current error signal flowing 
through the integral resistor. The resultant current 
resolution allows for long integral action time constants 
at low proportional gains. 

The modulated current is transformer coupled to a 
high gain transistor amplifier whose output is changed 
back into d.c. at a greatly amplified signal level. 

The signal is then mixed with the higher frequency 
components of the input signal and further amplified 
by a direct-coupled transistor amplifier to the final 
output signal level. The high frequency response of 
the d.c. section gives wide frequency response to the 
proportional part of the input signal. 

The ratio of output voltage to input current is 
typically 10!Q. For example, a I°O micromicro- 
ampere input current would produce 100 volts on the 
output if the amplifier were operated under open loop 
conditions and could give this much voltage swing. 
The high gain is necessary to maintain sufficient 
feedback round the amplifier for all combinations of 
proportional band, integral and derivative settings and 
have a stable and noise insensitive controller. 

Proportional band adjustment is from 1 to 500%, 
derivative time from 0:15min to 20min or alternatively 
from 0:003 to 4min. 

In Fig. 281 is shown a simplified diagram of the 
Evershed & Vignoles A.C.313 Mk. 4 electronic three 
term controller. 

The three control terms are generated at different 
stages of the circuitry, and are free from interaction. 
They can provide a wide range of proportional, integral 
and derivative adjustments. 
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The measured value signal is applied to transistor 
(3). The output of (3) is fed to the special “R-W” 
coupler (2). 

A large d.c. voltage, proportional to the relatively 
small current through transistor (3), is generated. 
This signal Vm (a voltage in the range of 0-130 volts) 
is applied across the resistor (5) in opposition to the 
“set value’ voltage Vd generated in the “‘set value’’ 
circuit embodying an indicator and the stabilizer 
valve (4). As a result, a voltage proportional to the 
magnitude and the direction of the deviation between 
Vm and Vd is applied to the grid of valve (7). 


In parallel with valve (7), a current Js (derived 
from the d.c. supply circuit) is applied and its magni- 
tude and direction is arranged to make Is and Ip 
equal and opposed to each other when no error signal 
is applied to the grid of the valve (7), ie. no voltage 
drop occurs across the circuit constituted by the 
resistor (8) and the regulating unit (18) when Vm 
equals Vd. 

Any difference between Vm and Vd will modify the 
current through valve (7), thereby creating a voltage 
drop across the resistor (8). By varying the moving 
contact of resistor (8), the magnitude of the current 
change and, hence, of the voltage drop relative to a 
given change in the error signal Vm-Vd can be adjusted 
and a proportional band adjustment is created. To 
accommodate a wide range proportional band, 
the value of the resistor (5) can be changed by a 
switch. 

Any voltage drop across resistor (8) is applied as an 
input signal to the integrating circuit consisting of the 
variable resistor (g) (integral time adjustment), and — 
the integral capacitor (10). Three different values for 
the latter can be selected by a switch, thereby pro- 
viding an integral range adjustment. The voltage 
across the capacitor (10) which is connected between 
the grid and cathode of valve (16) thus represents the 
integral of the error. 


The disadvantages of a resistance-capacity integral 
network (exponential charge, leakage at low inputs) 
are overcome by valve (16) operating in conjunction 
with the ‘“R-W” coupler (15), the output of which is 
arranged to be equal to the integrating voltage across 
the capacitor (10), and is applied in opposition to the 
integrating voltage. The net voltage across the 
integral circuit is thus always zero. In this manner 
long time constants, linear integration which ‘“‘stays 
put” when the error returns to zero, are achieved. 


To provide derivative controller action, the “R-W” 
coupler (6) is arranged to apply a relatively large 
voltage (which is proportional to the current through 
the valve (7) and thus to the error) to capacitor (11), 
resistor (12) and capacitor (14). In steady conditions 
capacitor (11) is charged to the input voltage Vp. A 
change in the error will alter Vp and a voltage, which, 
due to the characteristics of the ““R-W” coupler, is 
proportional to the rate of change of the error, will 
appear across resistor (12). This voltage is applied to 
capacitor (10), thereby modifying the current through 
valve (16) and thus providing the derivative component 
in the controller’s output signal. The variable resistor 
(12) provides the derivative action time adjustment. 
(In practice (R12) is a two-gang potentiometer utilizing 
(R13) in conjunction with (C14) as a shunt across 
(R17), effective during transient conditions to enhance 
the performance of the arrangement.) 
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Proportional band range is from 5-325%, integral 
action time has three ranges: 3-20sec, 0-3 to 3min 
and 3-50min. Derivative action time is continuously 
variable from 0-3min. 


Correcting Units for Electronic Controllers 

The electrical nature of the output signal from an 
electronic controller has posed a problem with relation 
to the correcting unit. It seems logical for the motor 
element of the correcting unit to be an electrical one. 
Until recently, however, satisfactory electrical motors 
which would respond to, say, a three term electrical 
control signal were not available. The control loop has 
included a converter or transducer to change the 
electrical signal into a corresponding pneumatic one so 
that the normal pneumatic control valve could be 
used. The converters or transducers perform the 
reverse functions to those described at the beginning 
of the chapter. It is not proposed to describe any of 
these as they contain many of the same elements but 
operated in the reverse manner. But attention must 
be drawn to a development existing at the moment 
of writing for utilizing electrical output signals from 
an electronic controller directly. 


Steromotor Actuator 


The Steromotor is in effect an a.c. induction 
motor. The stator coils produce a rotating magnetic 
field. The rotor is a permanent magnet and is 
free to rotate round the stator bore and _ it 
follows the rotating magnetic field. There is no 
metallic contact between rotor and stator bore, 
however, since the rotor is equipped with two resilient 
tyres which run in annular tracks formed in the epoxy 
tesin compound in which the motor is potted. The 
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motion of the rotor is epicyclic, and this motion is 
transmitted to the output shaft through a flexible 
linkage. There are two versions: a synchronous 
one and an asynchronous one. The latter has smooth 
tyres and tracks which permit a negligible amount of 
slip under continuous running or stepping conditions. 

When used in association with a control valve, the 
output shaft drives a simple screw jack directly 
coupled to the spindle of the valve. The position of 
the spindle is measured by a pick-off device and the 
signal from this is compared with the value of the 
signal from the electronic controller. Any unbalance 
between the two signals is detected and utilized to 
energize the Steromotor which continues to operate 
until the balance is restored. 

No mechanical braking or electrical braking is re- 
quired as the drive shaft of the Steromotor stops 
immediately the energizing supply is cut-off. 

If N is the speed of the motor in rev/min, w the 
velocity of the rotating field (proportional to the supply 
frequency), D the diameter of the stator bore and d the 
rotor diameter, 


w (D — d) 
a 


Motor speeds at the present range from 2 to 200rev/ 
min for the synchronous versions and 2orev/min, 
30rev/min and 60rev/min for the asynchronous types. 
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APPENDIX 1 


B.S.1042, Part 1, covers the following types of 
orifices (in addition to nozzles and Venturi tubes). 


Square edged with corner tappings. 
Square edged with D and D/2 tappings. 
Square edged with flange tappings. 


kon 


Conical entrance. 


5. Quarter circle (quadrant-edge). 


1. Square Edged Orifice, Corner Tappings 


This type of orifice may be used for measuring flow 
rate in 


a) Pipes of internal diameter not less than 1 inch. 


b) Between two large chambers divided by a par- 
tition containing the orifice. 


c) At the outlet or inlet of a pipe with internal 
diameter not less than 1 inch discharging into or 
receiving from a large chamber. 

The smallest allowable orifice diameter is 0-25 inch. 
The general form is shown in Figs. 61 (page 30) and 63 
(page 31) and involves a square edge on the upstream 
side and a bevel on the downstream side. If the plate 
is sufficiently thin, the bevel may be omitted. 

The orifice may be used with liquids, gases and 
vapours with the proviso that it is not suitable for 
metering viscous liquids. It is, in addition, not suitable 
for critical flow operation. 

With compressible fluids, the pressure difference 
across the orifice in inches of water must not exceed 
5-5 times the absolute upstream pressure in lbf/in?. 

In the specification, data is presented for Reynolds 
numbers of 10 000 upwards for pipes 1 in to 2 in dia- 
meter and 20000 upwards for pipes of 2in diameter 


2. Square Edged Orifice, D and D/2 Tappings 
The requirements are generally similar to those for 

orifices with corner tappings, but the orifice is not 

applicable to measuring flow between two chambers. 


3. Square Edged Orifice, Flange Tappings. 

The general requirements are similar to those for 
orifices with corner tappings, but the minimum 
internal pipe diameter is now 2 in, and the minimum 
orifice diameter 0-2 in. Data is presented for Reynolds 
numbers from 100 000 to 1.000 000 for pipes 2 to 3 in 
diameter and 100 000 to 10 000 000 for pipes of 4 to 14 
in diameter. 

It cannot be used for measuring flow between two 


chambers. 


4. Conical-Entrance Orifice Plate 
In effect, this is a reversal of the three previous 
designs in that it involves a bevelled edge on the 
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ears side and a square edge on the downstream 
side. 

This orifice is suitable for viscous liquids such as oil. 

Data is given for area ratios less than 0-1 and Rey- 
nolds numbers from 250 to 200 000. 

The minimum pipe diameter is 1 in and the minimum 
orifice diameter is 0°25 in. 


5. Quarter-Circle Orifice Plate 

This orifice has a rounded edge on the upstream side 
and a square edge on the downstream side. 

It is particularly suitable for viscous liquids such as 
oil, but it is not suitable for measuring flow between 
two chambers. 

The minimum pipe diameter is 1 in and the minimum 
orifice diameter is 0-6 in. 

Data is supplied for Reynolds numbers up to 100 000. 


Factors Influencing Choice of Device 

These are some of the main factors mentioned in 
B.S.1042 Part 1:— 

1. Viscous fluids. Square edged orifices and nozzles 
are generally unsuitable. Conical entrance orifices, 
quarter-circle orifices and venturi tubes are suitable, 
but not unreservedly so. 

2. Lower flow limit. Smallest for orifices with 
corner or D and D/2 tappings. 

3. Upper flow limit. This is limited in the case of 
conical entrance and quarter circle orifices to the 
Reynolds numbers specified above. For other devices, 
there is, generally speaking, no upper limit to the flow 
rate. 

4. No device specified in the Standard is suitable 
for pulsating flow conditions. 

5. A minimum length of straight pipeline is required 
upstream of the devices. This varies with the different 
types. 

6. The internal surface condition of the pipe pre- 
ceding the orifice influences the minimum pipe diameter. 

7. There is no upper limit of pipe size. 

8. Flow between two large chambers. Orifice plates 
with flange or D and D/2 tappings quarter-circle plates 
and Venturi tubes are unsuitable. 

9. Only a nozzle is suitable for flow measurement 
at pressure differences above the critical. 

10. Cost. Orifices have considerable advantages on 
this score. 

11. Net pressure loss. Venturi nozzles and Venturi 
tubes have appreciably less net pressure loss than 
orifices or nozzles. 

12. Venturi tubes have a length between two and 
six pipe diameters. 

13. Accuracy. This is influenced by circumstances 
of installation. (Section 4 and Appendix D of B.S.1042 
Part 1 discuss this in some detail). 


INDEX 


Absolute pressure gauges, 13 

Accuracy, 134 

Alnor hygrometer, 95 

Anemometers, 59 

Assmann hygrometer, 91 

Automatic control actions 
(see Controller actions) 


Bailey-Jerguson liquid level gauge, 24 
Bellows type liquid level gauge, 24 
Bellows type pressure gauge, 9 
Bernouilli’s Theorem, 29 

Bi-metallic thermometers, 67 

Bin level measurement, 27 

Bourdon tube pressure gauge, 11 
Buoyancy type liquid level gauge, 26 


Calculus operator, use of, 140 
Capacitance probe type liquid level gauge, 26 
Cascade controller, 133 
Cistern manometer, 7 
Closed loop system, simple, 108 
Control systems, 108 
Control valves 
(see Valves, pneumatic control) 
Controller actions 
Derivative, 112 
Floating, 112 
Integral, 111 
Proportional, 110 
Two step, 109, 130 
Controller units 
Electronic two and three term, 143 
Proportional force balance, pneumatic, 114 
Proportional ition balance, pneumatic, 113 
Proportional band adjustment, pneumatic, 113 
Proportional plus derivative position balance, pneumatic, 117 
Proportional plus integral position balance, pneumatic, 115 


Proportional plus integral plus derivative position balance, pneumatic, 118 
Self actuated, 132 


Correcting units 
(see Valves, pneumatic control) 


Dall tube flowmeters, 38 
Dead time, 133 
Dead zone, 133 
Derivative controller 
Action, 112 
Units, 117 
‘Dewcel’ hygrometer, 94 
De int hygrometers, 94 
Diaphragm liquid level gauge, 25 
Diaphragm pressure gauge, 8 
Differential pressure flowmeters 
General points, 29 
Installation points, 41 
Integration, 43 
Square law effect, 39 
Differential pressure measurement, 5 
Displacement flowmeters, 56 
Distance-velocity lag, 127 


‘Ekstrom’ liquid level gauge, 21 
Electrolytic hygrometer, 96 
Electronic controllers 

Analogue circuits, 140 

Three term controllers, 143 

Two term controller, 143 
Feedback 

Electronic system, 107 

Hydro-mechanical system, 106 

Negative, 103 

Nozzle and flapper, 105 

Positive, 107 

Practical negative feedback loops, 105 
First order systems, 127 
Float type liquid level gauges, 21 
Flowmeters 

Anemometers, 59 

Dall tube, 38 

Differential pressure, 29 
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Displacement, 56 
Electronic inferential, 58 
Inferential, 56 
Installation points, 41 
Integrators, 43 
Magnetic, 59 
Nozzle, 35 
Open channel, Venturi flume, 53 
Open channel, weirs, 50 
Orifice, 30 
Pitot tube, 36 
Propeller pattern, 57 
Square law effect and correction, 39 
Ultrasonic, 61 
Variable area, 46 
Venturi tube, 34 
Force balance controller units, 114 
Force balance liquid level gauge, 25 
Frequency response 
First order systems, 128 
Proportional controller action, 119 
Proportional plus derivative controller action, 119 
Proportional plus integral controller action, 119 
Proportional plus integral plus derivative controller action, 120 
Second order systems, 131 


Gas expansion thermometers, 65 
Gauge pressure measurement, 11 
Gregory hygrometer, 93 


Hair hygrometer, 93 
Humidity measurement, 92 
Hygrometers 

‘Alnor’, 95 

Assmann, 91 


Thermal conductivity, 94 
Wet and dry bulb, 90 


Inclined tube manometer 7 
Inferential flowmeters, 56 
Integral controller 

Action, 111 

Units, 115 
Integrators, flowmeters, 43 
Intermediate metals, law of, 69 
Intermediate temperatures, law of, 69 
Ionization gauge 

Alpha particle, 19 

Cold cathode, 18 

Hot cathode, 17 


Lags 
Distance-velocity, 127 
Transfer, 127 
Transmission, 132 
Liquid expansion thermometers, 63 
Liquid level gauges 
Bailey-Jerguson high pressure, 24 
Bellows, 24 
Buoyancy, 26 
Capacitance probe, 26 
Capsule stack, 25 
Diaphragm force balance, 25 
‘Ekstrom’, 21 
Float, 21 
Nucleonic, 27 
Pressure bulb, 24 
Sight glass, 21 
Solid substances, 27 
Standpipe, 25 
U-tube, electrical, 24 
U-tube, industrial high pressure, 22 


Magnetic flowmeters, 59 
Magnetron gauge 
Cold cathode, 19 
Hot cathode, 19 
Manometers 
‘Cistern, 7 
Inclined tube, 7 


U-tube, high pressure industrial type, 6 


U-tube, simple type, 5 
U-tube, two liquid, 8 
Mcleod gauge, 15 


Negative feedback, 103 

Nozzle and flapper unit, 105, 113 
Nozzle flowmeters, 35 

Nucleonic level gauges, 27 
Null-balance instruments, 81 


Open channel flowmeters 
Venturi flumes, 53 
Weirs, 50 

Orifice type flowmeters 
Concentric, 30 
Eccentric, 33 
Segment, 33 


pH measurement 


British Standard definition and scale, 98 


Electrodes, 98 

Ionic dissociation, 97 

Measuring circuits, 101 

Original definition and scale, 98 

Temperature compensation, 191 
Pirani gauge, 16 
Pitot tube flowmeters, 36 
Positive feedback, 107 
Pressure bulb liquid level gauge, 24 
Pressure gauges 

(see also Manometers) 

Absolute pressure, 13 

Bellows, 9 ; 

Bourdon tube, 11 

Capsule stack, 10 

Diaphragm, 8 

Differential pressure, 5 

Gauge pressure, 11 
Programme controller, 132 
Proportional controller 

Action, 110 

Units, 113, 114 
Pyrometers 

(see also Thermometers) 

Radiation, 83 

Resistance, 75 

Thermocouple, 69 


Radiation, basic laws, 83 
Radiation pyrometers or thermometers 
Fixed focus, 85 
Moderately low temperature, 88 
Optical, 87 
Photocell, 86 
Ratio or two colour, 87 
Total radiation, 85 
Ratio controller, 133 
Relative humidity 
(see Humidity and Hygrometers) 
Relays, pneumatic 
Continuous bleed, 134 
Non-bleed, 135 
Resistance thermometers 
Construction, 76 
Measuring circuits, 76 
Multi-point installation, 78 
Power dissipated, 75 
Resistance values, 75 
Ring balance, 10 
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Second order systems, 131 

Semi conductor thermometers, 80 

Self actuated controller, 132 

Sight glass gauge, 21 

Sling hygrometer, 91 

Solid substances level measurement, 27 

Standpipe liquid level gauge, 25 

Static head corrections 
Mercury-in-steel thermometers, 14 
Pressure gauges, 14 

Steromotor, 145 

Strain gauge, 138 


Thermal conductivity hygrometer, 94 
Thermistor thermometers, 79 
Thermocouples 


Average temperature measurement by, 73 
Cold junction and compensation, 70, 72 


Errors, 71, 72, 73 

Industrial patterns, 70 

Intermediate metals, law of, 69 
Intermediate temperature, law of, 69 
Materials, 70 

Measuring instruments, 71 
Multi-point installations, 74 

Pocket materials, 75 


Temperature difference measurement by, 73 


Thermometers 
Bi-metallic, 67 
Gas expansion, 65 
Liquid expansion, 63 
Radiation, 83 
Resistance, 75 
Semiconductor, 80 
Thermistor, 79 
Thermocouple, 69 
Vapour pressure, 66 
Transducers 
Capacitive, 136 
Differential transformer, 136 
Inductive, 136 
Resistive, 137 
Strain gauge, 137 
Transfer lags, 137 
Ist order, 127 
2nd order, 131 


Ultrasonic flowmeters, 61 
U-tube manometers 
High pressure industrial, 6 
Inclined tube, 7 
Liquid level measurement, 22 
Simple, 5 
Two liquid, 8 


Vacuum measurement, 15 
Valves, pneumatic control 
Butterfly, 124 
By-pass valves effect of, 122 
Equal percentage characteristic, 123 
Forces acting on, 121 
Linear characteristic, 123 
Line resistance effect, 123 
Quick opening, 123 
Rangeability, 122 
Size calculation, 124 
Wet pattern, 123 
Vapour pressure thermometers, 66 
Variable area flowmeters, 46 
Venturi tube flowmeters, 34 


Wet and dry bulb hygrometers, 90 


